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Dry eye can result from multiple causes, including a reduction in the quantity or altered
composition of tears. The lacrimal gland is the major supplier of the aqueous tear components, including
water, electrolytes, and proteins. Reduced output from the lacrimal glands results in aqueous tear
deficiency, a specific subclass of dry eye disease (DED) marked by inadequate tear volume. The prevalence
of DED is 1.5-2 times greater in women than men, yet a comprehensive comparison of dry eye symptoms
in male and female animals in an animal model of DED has not been performed. We excised the lacrimal
gland to compare the effects of aqueous tear deficiency on male and female mice. We found that aqueous
tear deficiency engendered greater epithelial damage and immune cell infiltration in female animals that
is consistent with epidemiological reports indicating a greater prevalence of dry eye in women. Signs of
ocular discomfort and pain are the most common symptoms of dry eye disease. Furthermore, the ability
of the corneal afferents to sense potentially damaging stimuli and monitor dryness by controlling reflexive
secretions and blinking is altered in dry eye. Utilizing lacrimal gland excision as a mouse model of DED, we
assessed pain and anxiety-like behaviors in male and female animals. We found that female animals
displayed a greater irritation and pain phenotype in response to tear deficiency produced by lacrimal
gland excision and demonstrated an ongoing pain state that was exacerbated in moderate dry eye only in
female mice. An analysis of nerve fiber density showed no difference between male and female mice in
the moderate dry eye state, suggesting that nerve fiber density is not a good marker for the ongoing pain

state. Using a mouse transgenic approach, ArchT, a light sensitive proton pump that acts as a neural
inhibitor, was expressed in Nav1.8 expressing primary afferent neurons, which includes the majority of
corneal afferents. In this way, corneal nerve fibers were selectively and transiently inhibited. After lacrimal
gland excision, ArchT/Nav1.8-cre mice showed a significant conditioned place preference for the chamber
illuminated with the ArchT-activating light. This effect was long lasting, as animals continued to prefer the
chamber even after the light was turned off. Topical application of the anesthetic QX-314 plus lidocaine
to the cornea mitigated the conditioned place preference. These studies provide evidence of sexual
dimorphism in a mouse model of dry eye that is consistent with epidemiological data in humans.
Furthermore, we were able to demonstrate an ongoing pain state in dry eye using an approach that can
be utilized in assessing potential treatments for ocular pain.
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CHAPTER 1
DRY EYE DISEASE
1.1. Introduction to Dry Eye Disease
Dry eye disease (DED) is defined as “. . . a multifactorial disease of the ocular surface
characterized by a loss of homeostasis of the tear film, and accompanied by ocular symptoms, in which
tear film instability and hyperosmolarity, ocular surface inflammation and damage, and neurosensory
abnormalities play etiological roles” (Craig et al., 2017). The cause of DED can be related to attenuated
tear quantity and/or altered tear composition, resulting in clinical presentations of tear film instability,
inflammation and damage to the ocular surface, and ocular discomfort and pain (Mecum et al., 2019).
Treatments options for DED are very limited and palliative in nature and only two drugs are currently
approved through the U.S. Food and Drug Administration (FDA) for treatment of DED, Restasis and
Lifitegrast. A major impact of DED is the disruption on functional vision that impacts physical,
psychological, and social aspects of quality of life that has been estimated to cost an economic burden
of $50+ billion a year (Miki Uchino & Schaumberg, 2013; Yu et al., 2011).
1.2. Epidemiology
Defining and standardizing dry eye disease has been a historical challenge for clinicians an
epidemiological studies. Classifying dry eye and having a well-defined diagnosis has been problematic
given the difficulty in differentiating normal from dry eye. Further complicating this issue,
there is not a single validated diagnostic test or series of tests that confirms a diagnosis. Some studies
report a single clinical sign while others use a combination of symptoms or tests thus causing variation in
the prevalence of dry eye disease diagnosed from clinical signs. Most commonly, single use or
combination of Schirmer tests, tear breakup time (TBUT), tear stability, tear production, and/or ocular
surface damage have been used as diagnosis tools. The variation in techniques for measuring and
interpreting symptoms coupled with poor repeatability and lack of established cut-off values has led to
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these different reports of prevalence of dry eye disease based on clinical symptoms (Guo et al., 2010;
Han et al.,2011; Lu et al., 2008; Malet et al., 2014; Nichols et al., 2004; Savini et al., 2008; Stapleton et
al., 2017; Uchino et al., 2006; Viso et al., 2009).
Prevalence of dry eye disease varies with the definition and diagnosis criteria that was used as
characteristics of the population studied but estimates range from 5 to 50% (Stapleton et al., 2017).
Several studies strictly reported rates of disease based on severe symptoms of irritation or dryness
and/or a diagnosis from a physician. These studies reported prevalence of dry eye disease at 5% to 25%
with rates higher in China and Japan compared to American studies, and women consistently having a
higher prevalence than men in all studies stratified by sex (Ahn et al., 2014; Schaumberg et al., 2009;
Uchino et al., 2008; Uchino et al., 2011; Um et al., 2014; Zhang et al., 2012). Less strict, population-based
studies that used self-reported diagnosis and frequency of symptoms showed the highest prevalence of
dry eye disease ranging from 6% to 52% (Guo et al., 2010; Han et al., 2011; Hashemi et al., 2014; Jie et
al., 2009; Lu et al., 2008; Malet et al., 2014; Na et al., 2015; Paulsen et al., 2014; Singalavanija et al.,
2018; Tan et al., 2015; Tian et al., 2009; Tongg et al., 2009; Vehof et al., 2014; Viso et al., 2009).
The majority of epidemiological studies reported a significantly higher prevalence of dry eye
disease in women compared to men, which ranged from 1.33x to 1.74x higher (Chia et al., 2003; Han et
al., 2011; Hashemi et al., 2014; Malet et al., 2014; Moss et al., 2000; Tan et al., 2015; Viso et al., 2009).
Only two studies, one in China and one in Mongolia did not show a significant difference between
women and men (Guo et al., 2010; Lu et al., 2008). One study in Singapore found that the prevalence in
women was lower than men (Tongg et al., 2009). Despite some slight variations in diagnosis and
reporting criteria, most population studies show that symptomatic dry eye disease is more common in
women compared to men.
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1.3. Causes of Sexual Dimorphism
A compelling feature of dry eye disease is that it occurs significantly more in women compared
to men. This influence of sex on the eye has been known for a while as stated in an 1888 monograph
addressing the issue “males are by no means as prone to disease of the eye from sexual causes as
females.” (Kollock, 1888). Conditions of the eye that have a sex influence include blindness, scotoma,
eyelid edema, keratitis, herpetic reactivation, corneal ulcer, iritis, cataract, dry eye disease, meibomian
gland dysfunction, wound healing, corneal transplant rejection, glaucoma, optic neuritis, optic nerve
atrophy, and blepharospasm (Berger et al., 1905; Bonini et al., 2000; Chia et al., 2003; Knop et al., 2011;
Ophthalmology & 1977, n.d.; Schaumberg et al., 2003; Waltman et al., 1971).
Researchers have identified multitudinous sex-related differences in the eye, mostly being
attributed to the effects of sex steroids (androgens and estrogens). These sexually-dimorphic responses
include actions onto the lacrimal gland, meibomian gland, cornea, conjunctiva, iris, ciliary body, vitreous,
retina, and lens. As a whole, the effects appear to be due to hormone receptor activation and its ability
to impact structural and functional aspects of the eye that include gene expression, aqueous tear
output, lipid production, mucous secretion, blink rate, immune function, and tissue morphology (Chew
et al., 1993; Cornell-Bell et al, 1985; Goto et al., 2009; Ranganathan et al., 1995; Richards et al., 2006;
Sullivan & Edwards, 1997; Sullivan et al., 1986; Suzuki et al., 2002; Suzuki et al., 2009; Yolton et al.,
1994).
Interestingly, sexually dimorphic cellular responses on the eye does not fully explain the
disparity in dry eye disease. Sex-related differences can arise from genetic variations including
differences in X and Y chromosome, DNA methylation and acetylation, autosomal factors, and
epigenetics (Chiaroni-Clarke et al., & 2016; Disteche et al., 2002; Isensee et al., 2007; Jama, 2006; Khan
et al., 2015; Liu et al., 2015; Ostrer, 2001; Rinn et al., 2005; Xu et al., 2006). Actions of hypothalamicpituitary hormones, insulin, thyroid hormones, insulin-like growth factor 1, and glucocorticoids also
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contribute to the variations (Sullivan et al., 2017). Lastly, sex disparities might also arise from other
epidemiological factors that are cultural, behavioral, or societal in nature such as health-seeking
behavior, age-distribution, pollution, and health service utilization (Clayton & Davis, 2015).
1.4. Lacrimal Gland
Lacrimal gland secretions play a major role in the progression of dry eye disease as the gland is
responsible for the majority of the aqueous layer of tear film that covers the cornea. The lacrimal gland
is a serous gland composed primarily of acinar cells (~80%) with myoepithelial and ductal cells. The
gland develops by a process of branching involving reciprocal interactions between the epithelium and
mesenchyme (Dean et al., 2004; Grishina & Lattes, 2005; Xu et al., 1998). In humans, each eye has a
single almond-shaped exocrine lacrimal gland that is situated in the lacrimal fossa of the orbit formed by
the frontal bone (Obata et al., 1995; Paulsen et al., 2004). In addition, there are about 40 accessory
glands of Krause and accessory lacrimal glands of Wolfring located in the upper and lower eyelids. These
accessory glands do not contain acini in humans, but account for about 10% of the total lacrimal tissue
mass and are innervated similarly (Allansmith et al., 1976; Seifert & Spitznas, 1999; Seifert et al., 1993).
In the mouse and rat, there is one main lacrimal gland located just anterior to the ear called the
extraorbital lacrimal gland, and an ancillary smaller gland that lies entirely within the inferior orbit called
the intraorbital lacrimal gland. The overall general features of both glands in the mouse are similar with
a multilobed, tubule–alveolar exocrine gland structure, consisting of mostly acinar cells surrounded by
myoepithelial cells, blood vessels, and intra- and interlobular ducts (Mecum et al., 2019).
Lacrimal gland secretions that help enrich and bath the cornea include water, mucins, and
electrolytes. Furthermore, the lacrimal gland is also responsible for providing trophic factors as
well as synthesizing and secreting a plethora of proteins that help protect the cornea and epithelium.
The composition and amount of lacrimal gland secretions is crucial for a healthy ocular surface (Dartt et
al., 1984; Dartt, 1989; Dartt et al., 2009; Tsai et al., 2006).The tear film that protects the cornea is
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broken down into three layers: an outer lipid layer, a middle aqueous layer, and an inner mucosal layer.
The lacrimal gland is responsible for producing the aqueous layer, while the meibomian glands secrete
the lipid layer, and conjunctival goblet cells secrete the mucosal layer (Dartt et al., 2013; Dartt et al.,
2009).
The human tear film is a fluid layer that is approximately 3μm thick and 3μl in volume that
covers the outer surface of the cornea (Dartt et al., 2013; King-Smith et al., 2004). The individual layers
of the tear films contain distinct biochemistries and functions. The outermost lipid layer of the tear film
secreted by the meibomian glands at the eye lid margin contain many different lipids such as esters and
cholesterols that interact with aqueous layer and prevent evaporation (Chhadva et al., 2017; Jeyalatha
et al., 2017). The largest portion of the tear film is the aqueous fluid that is secreted mostly from the
lacrimal glands, but conjunctival epithelium also acts as a second source of electrolytes and water. The
role of the aqueous layer of the tear film is to provide lots of nutrients (proteins, growth factors, and
electrolytes), provide oxygen to the underlying avascular corneal tissue, as well as flushing away foreign
bodies or toxins (Dilly, 1994; Yokoi et al., 2008). The innermost layer of the tear film are the mucins
secreted by specialized goblet cells in the conjunctival epithelium. These mucins are anchored into the
corneal epithelial cells and help stabilize the tear film (Dartt & Willcox, 2013; Mantelli & Argüeso, 2008;
Pflugfelder et al., 1997; Tseng et al., 1984).
In the need for control of lacrimal gland fluid secretion, a rapid neural response is critical to
achieve tear homeostasis. The lacrimal gland functional unit consists of the sensory afferent nerves of
the cornea and conjunctiva, the efferent sympathetic and parasympathetic nerves that innervate the
lacrimal gland, the lacrimal gland secretory cells, and the lacrimal gland excretory ducts. This functional
unit meets the needs of the ocular surface by providing the trophic support that is required for growth,
wound healing, and maintenance while providing protection from the stresses of the natural
environment such as high/low temperature, mechanical, chemical, or pathogenic infiltration.
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Stimulation of the abundant afferent, sensory nerves in the cornea or conjunctiva starts a cascade that
leads to activation of the efferent sympathetic and parasympathetic nerves that innervate the lacrimal
gland leading to secretion onto the cornea through lacrimal gland ducts (Calonge et al., 2004; Dartt &
Willcox, 2013; Knop & Knop, 2002; Stern et al., 1998).
1.5. Corneal Nerve Innervation
The cornea is the most densely innervated tissue in the body and stems from the ophthalmic
branch of the trigeminal nerve, which provides the sensory nerves that innervate the head and face.
Based on conduction velocity, the cornea is exclusively innervated by A-delta and C primary afferent
fibers (Meng & Kurose, 2013; Müller et al., 2003). These nerve fiber bundles innervate the cornea by
entering through the stroma from around the periphery and then branch to form a subbasal nerve
plexus. For the cornea to remain transparent, the lightly myelinated A-delta afferent nerves lose their
myelin sheath as the nerves enter the limbus (Marfurt et al., 2010). Nerve endings coming from the
subbasal nerve plexus penetrate into all layers of the epithelium. These free nerve endings are
responsible for responding to sensations such as chemical, thermal, and mechanical (Belmonte et al.,
1991; Gallar et al., 1993; Hirata & Meng, 2010; Parra et al., 2010; Robbins et al., 2012).
Free nerve ending properties of corneal afferent neurons depend on expression of channels that
transduce stimuli into electrical potentials. In most instances, this transduction process involves the
opening of transient receptor potential (TRP) channels (Huang et al., 2006; Kurose & Meng, 2013).
Approximately nine thermosensitive cation channels (TRPA1, TRPM2-4, 8, and TRPV1-4) are expressed
on afferent corneal sensory nerves. These cation channels allow for the influx of sodium and calcium
that produces membrane depolarization and subsequent initiation of action potentials. Expression and
activation of these channels allows the cornea the ability to sense whether the ocular surface is exposed
to damaging or potentially damaging stimuli and evoke protective responses including lacrimation and
blinking (Evinger et al., 2002; Meng & Kurose, 2013; Pellegrini et al., 1995).
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1.6. Nerve Subtypes
Based on electrophysiological recordings, corneal afferent nerves fall into three basic subtypes:
polymodal receptors, mechanoreceptors, and cold receptors. The composition of the corneal afferent
has been estimated at roughly 70% polymodal nociceptors, 20% mechanoreceptors, and 10% cold
receptors but sampling methods vary by study and may not be a true representation of the population.
Each corneal subtype is responsible for transducing stimuli and respond to different modalities.
Polymodal receptors respond to thermal, chemical, and mechanical stimulation while
mechanoreceptors respond to mechanical stimulation and cold receptors respond to cooling (Belmonte
et al., 2004; Belmonte et al., 2004; Meng & Kurose, 2013).
Polymodal nociceptors are estimated to compose the majority of the innervation of the cornea
and respond to several different chemosensitive and thermal modalities through the TRP family of
channels. TRPV1 is particular importance in nociceptive transmission based on the channel’s sensitivity
to capsaicin, the active ingredient in chili peppers (Caterina et al., 2000; Tominaga et al., 1998). Corneal
polymodal nociceptors have also been shown to respond to acidity through the use of CO2 stimulation
that produced irritation and lacrimation in animal and human studies indicating the presence of acid
sensing ion channels (ASICs) (Acosta et al., 2004; Belmonte et al., 1999; Belmonte et al., 1991; Belmonte
& Giraldez, 1981; Chen et al., 1995).
The channels and molecular mechanisms that transduce mechanical stimuli in the
mechanoreceptive neurons in the cornea are poorly understood. In human and mice, loss of activated
Piezo2 channels results in an impaired nocifensive response to mechanical stimuli (Murthy et al., 2018).
In the mouse cornea, Piezo2 expression occurs in about 30% of afferent neurons and ~26% of trigeminal
ganglion neurons. These channels did not have coexpression with TRPM8 (transient receptor potential
cation channel subfamily M member 8) and appear to be neurochemically distinct subpopulation of
corneal afferent neurons that are not cold-sensing or polymodal nociceptors (Bron et al., 2014). These
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results suggest that Piezo2 is a strong candidate for transduction of stimuli in mechanoreceptors in the
cornea but further study is needed.
The smallest, but arguably most important subpopulation of nerves in the cornea is the cold
neurons that respond to moderate, non-noxious reductions in temperature. In contrast to
mechanoreceptive and polymodal nerves, these cold neurons have a baseline level of ongoing activity at
room temperature and are responsible for basal tearing (Parra et al., 2010; Robbins et al., 2012). These
cold fibers have TRPM8 receptors that respond to the cooling and wetness of the corneal surface.
Recently, research has focused on cold fibers under chronic eye dryness where the injury-evoked firing
appears to underlie the unpleasant irritation or painful symptoms of patients with DED (Hatta et al.,
2019; Kovács et al., 2016; Piña et al., 2019).
1.7. Tearing
Basal tearing is crucial to maintaining ocular surface wetness and protection on the cornea.
Innervation of the cornea and other intraoral and intranasal regions are regulated by projections to the
spinal trigeminal nucleus (Vsp). Multiple regions within the Vsp serve to carry out corneal function, but
lacrimation is regulated by the rostral Vsp, whereas nociceptive functions can be mapped to more
caudal regions (Bereiter et al., 2000; Hirata et al., 2004; Meng et al., 1997). From the Vsp, information is
relayed to preganglionic parasympathetic neurons located around the inferior and superior salivatory
nuclei (Ishizuka & Murakami, 1986; Murakami et al., 1983; Murakami et al., 1982; Tóth et al., 1999).
Watery tears produced in the lacrimal gland result through the activation of postganglionic
parasympathetic neurons located in the pterygopalatine ganglion (Dartt, 2009). Epithelial cells found in
the conjunctiva and cornea also have effects on tear composition and appear to be driven mostly by
sympathetic rather than parasympathetic neurons (Dartt, 2004; Dartt et al., 1995; Kanno et al., 2003;
Kessler & Dartt, 1994).
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With the unique properties of corneal nerve subtypes, it is possible to deduce or infer their
potential role in lacrimation. Mechanoreceptive neurons are activated by movement that is tangential
to the corneal surface rather than by punctate stimuli suggesting that lacrimation would be induced by
blinking to remove particulate from the eye (Acosta et al., 2004; Belmonte et al., 2004; MacIver &
Tanelian, 1993, 1993). Polymodal nerves that respond to noxious thermal and chemical stimuli will
promote tearing to protect the corneal epithelium. Both mechanoreceptive and polymodal nerve stimuli
induces lacrimation while also producing sensation of discomfort, irritation, or pain (Acosta et al., 2001;
Acosta et al., 2004; Belmonte et al., 2004). Unlike mechanoreceptive and polymodal nerves, cold
receptor activation evokes secretion that is not perceived as a painful stimuli as evidenced by
spontaneous and ongoing activity at room temperature (Gallar et al., 1993). In a mouse model,
application of menthol to cold cells increased tearing, but did not elicit nociceptive behaviors
(Robbins et al., 2012).
1.8. Mechanisms of Dry Eye Disease
The causes of DED are not fully elucidated and the etiology of the disease is often unknown.
Tear instability and hyperosmolarity are the core drivers of DED and allow two major subtypes to be
defined: aqueous deficient dry eye disease (ADDE) and evaporative dry eye disease (EDE). ADDE arises
from reduced lacrimal secretions resulting in hyperosmolarity most commonly due to lacrimal gland
damage due to age-related issues. EDE is engendered by excessive evaporation of the tear film most
commonly caused by tear film lipid deficiency due to meibomian gland disease (MGD). While these
subtypes exist, they are sometimes comorbid as with Sjögren’s syndrome (Bron et al., 2017; Krenzer et
al., 1999; Shimazaki et al., 1999.; Shimazaki et al., 1995).
ADDE is a very common form of DED and is clinically broken down further into Sjögren
syndrome dry eye (SSDE) and non-Sjögren syndrome dry eye (NSDE). Sjögren syndrome is an
autoimmune disorder in which dry eyes (keratoconjunctivitis sicca) and dry mouth (xerostomia) result
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from immune complex deposition and lymphocytic infiltration that leads to systemic complications due
to autoantibody production (Bron et al., 2017). Sjögren syndrome predominantly occurs in women with
a staggering female/male ratio of 9:1 (Galor et al., 2011; Guillon et al., 2010; DA Schaumberg et al.,
2009). NSDE may be caused by ablation of the lacrimal gland, ducts, or lids but the most common form
is an age-related ADDE. Over time, accumulated changes in the structure and/or function occur that
involve genetic, immunological, and hormonal influences or damages that result in wear and tear of
tissue (McGill et al., 1984.; Haeringen et al., 1997; Rocha et al., 2008; Seal, 1985). Corneal sensitivity to
chemical (Acosta et al., 2006; Bourcier et al., 2005) and mechanical stimuli (Acosta et al., 2006.; Bobergans, 1952; Bourcier et al., 2005; Millodot, 1977) decrease with age which could reduce the sensory
afferent nerves to drive lacrimation. While NSDE is dominated mostly by age-related issues,
inflammation and other infiltrations of the lacrimal gland are known to cause DED such as lymphoma,
hepatitis C, HIV, radiation injury, graft-versus-host disease, Stevens-Johnson syndrome, and trachoma
(Bron et al., 2017).
Another potential pathway for causing NSDE is due to lacrimal hyposecretion because of loss of
sensation or signals to the lacrimal gland. In a normal eye, lacrimation is driven by sensory inputs from
the corneal afferent nerves which can be interrupted in several ways. Topical anesthetics such as
proparacaine or tetracaine decrease blink rate and tearing (Bron et al., 2017; Meng et al., 2015), and
chronic use or abuse could induce permanent damage (Patel & Fraunfelder, 2013). Damage to the
trigeminal nerve, either through accidental injury or surgery can also cause DED depending on the
extend of the damage. Photorefractive keratoplasty (PRK) and laser in situ keratomileusis (LASIK) can
cause complications from surgery due to disruption of corneal sensory innervation leading to a loss of
trophic support, decreased blinking, and reduced tearing (Battat et al., 2001; Benitez-del-Castillo et al.,
2001; Chao et al., 2014; Nettune et al., 2010; Toda et al., 2014). Complications due to refractive surgery
occurs in up to 60% of patients in the first month post-surgery, usually declining after a period of 6-12
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months (Paiva et al., 2006; Raoof & Pineda, 2014). Lastly, another common NSDE is caused by excessive
contact lens wearers that experience ocular discomfort and decreased corneal sensation leading to
hyposecretions from the lacrimal gland (Nichols et al., 2013).
EDE comes about as a result of a loss of evaporative barrier function and the rate of evaporative
loss on the ocular surface is above the normal range, measured by spontaneous blinking in standard
conditions. EDE has also been broken down into two classification subtypes with lid-related EDE and
ocular surface-related EDE. Lid-related EDE, also known as intrinsic EDE, comes about from meibomian
gland dysfunction (MGD) generally due to ageing or blockage. Numerous studies have shown an agerelated decrease in the number of acini and acinar diameter providing the basis for reduced delivery of
meibum (Arita et al., 2008; Den et al., 2006; Sullivan et al., 2006). These obstructions or age-related
changes are the most common cause of EDE (Bron et al., 2017; Bron et al., 2004), and it is believed that
MGD-dependent EDE might be the most common form of DED overall (Heiligenhaus et al., 1994;
Horwath-Winter et al., 2003; Lemp et al., 2012; Nichols et al., 2011). Lastly, ocular surface-related EDE
most commonly arises from various ocular allergies that result in inflamed tissue that causes affects or
damages to the corneal nerves. Fibrosis and scarring from chronic inflammation due to inflammatory
cytokines or other mediators can also occur (Bron et al., 2017).
1.9. Animal Models of Dry Eye Disease
To study DED, an extensive variety of animal models have been developed with different
pathologies that mimic varying signs or symptoms. Classically, larger animals such as the rabbit or dog
have been chosen because of the larger ocular surface area and increased life span. These advantages
also come with disadvantages such as higher animal care cost and increased societal pressure to shift
away from pet friendly research animals. Most commonly, the mouse is the best animal model for DED
because of the large diversity of transgenic and knockout strains that are available (Schrader et al.,
2008).
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Desiccating stress by environmental and pharmacological means has been used to induce DED in
multiple mouse strains. Injections of subcutaneous scopolamine along with a continuous airflow
environment has been shown to induce immune reactions that are Sjögren’s syndrome-like (Dursun et
al., 2002; Niederkorn et al., 2006; Yoon et al., 2011). This model results in alterations to aqueous tear
production and volume, tear clearance, corneal barrier function, conjunctival morphology and goblet
cell density, resembling human dry eye (Barabino & Dana, 2004). However, studies have shown that the
decrease in tear production is only shown in mice treated with scopolamine, indicating that airflow
alone does not influence the tear film and ocular surface.
Unlike other DED animal models, the nonobese diabetic (NOD) mouse model develops a
spontaneous disease state that is similar to human Type 1 Diabetes. The NOD mouse model
demonstrates infiltration of lymphatic cells into the lacrimal gland that results in inflammatory lesions
leading to a 33-36% reduction in tear secretion compared to wild-type animals. The consequences of the
reduced tear production onto the cornea have not been established making the mouse a more popular
model to study secondary, not primary DED (Barabino & Dana, 2004; Humphreys-Beher et al., 1994).
Sjögren’s syndrome is one the most common autoimmune diseases with clinical manifestations being
primarily decreased saliva and tear production leading to dry mouth and DED. The MRL/lpr mouse has
been used to represent a mouse model of Sjögren’s syndrome which exhibits increased infiltration of
immune cells into the lacrimal and salivary glands which decreases salivation and lacrimation (Ma et al.,
2014). In contrast to the NOD model, the severity of signs and symptoms in females is greater compared
to males, which is consistent with epidemiological human DED (Toda et al., 1999).
The main role of the lacrimal gland is to bath and enrich the cornea through tear production and
subsequent secretion and several DED animals models have been established through lacrimal gland
excision (Fujihara et al., 2001; Li et al., 2013; Qin et al., 2014). In the mouse and rat, the lacrimal gland
consists of two distinct glands, including the intraorbital and extraorbital lacrimal gland. In adult
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mouse and rat, the intraorbital lacrimal gland is significantly smaller in size compared to the extraorbital
lacrimal gland and located within the ocular orbit. Excision of the main extraorbital lacrimal gland
produces a significant decrease in basal tear production which subsequently causes an increase in ocular
surface damage. Additionally, excising both the intraorbital and the extraorbital gland results in
extremely diminished tear production and elevated fluorescein staining scores when compared to
extraorbital-only excised animals, presenting a rodent model for DED based on severe aqueous fluid
deficiency (Fujihara et al., 2001; Kaminer et al., 2011; Mecum et al., 2019; Meng et al., 2015; Meng &
Kurose, 2013; Shinomiya et al., 2018; Skrzypecki et al., 2019; Stevenson et al., 2014).
1.10 Pain
Pain, which is defined by the International Association for the Study of Pain, is defined as an
unpleasant sensory and emotional experienced associated with actual or potential tissue damage or
described in terms of such damage (Cohen et al., 2018). Processing of pain, or nociception, is transduced
by nociceptors that terminate as free (unmyelinated) nerve endings in tissues that are initiated by
chemical, mechanical, or thermal activation (Basbaum et al., 2009; Henry and Hargreaves, 2007; Levine
et al., 1993). After initiation from an actual or potentially damaging stimulus, the signal is transmitted by
primary afferents, called Aδ fibers, which become myelinated for increased conduction velocity that will
be associated with the acute, sharp pain. The fibers that remain unmyelinated, called C fibers, also
transmit stimuli from primary afferents and are often associated with the throbbing, dull pain.
Mechanoreceptors are lightly myelinated Aβ fibers that respond the mechanical stimulus and are also
being investigated for a potential role in the transition from acute to chronic pain (Averitt, Hornung, &
Murphy, 2019).
Primary afferents from the cranial and orofacial region propagate electrical signals toward their
cell bodies in the trigeminal ganglia located near the brain stem. From there, central processes of those
neurons that are delivering pain signals terminate in the medullary dorsal horn. Pain information is
relayed to the thalamus and then to cortical and forebrain structures for signal integration and high13

level processing (Woolf, 1991). The experience of pain can be morphed by biochemical,
psychological, or social influences that will result into a unique experience and perception of pain
(Fillingim, 2017; Gatchel, Peng, Peters, Fuchs, & Turk, 2007). While this sensation is necessary for
survival, pain can also occur and persist in the absence of an actual stimulus which can be due to
increased responsiveness of nociceptors following peripheral sensitization (Dray, 1995), dysregulation or
dysfunction of endogenous pain systems (Feinberg et al., 2017; Nyland, McLean, & Averitt, 2015; Slade
et al., 2007), or neural wind-up that leads to central sensitization (Woolf & Salter, 2000; Woolf, 2011).
In preclinical animal models, pain is inferred from “pain-like” behaviors because pain cannot be
directly measured. Common method used to quantify nociception in animals is to apply a stimulus and
then measure the withdrawal. If the increased sensitivity was from a non-noxious stimulus, it is termed
as allodynia. If the increased sensitivity was to a noxious stimuli then it is called hyperalgesia (Deuis,
Dvorakova, & Vetter, 2017). The methods used to measure pain-like or nociception in animals can be
divided further into stimulus-evoked (mechanical, cold, and/or heat) and non-stimulus evoked
(spontaneous or background) pain. In practice, it is difficult to distinguish between allodynia and
hyperalgesia in animals and outcomes of most behavioral methods for nociception can be subjective. So
far, no single behavioral assay is capable of fully capturing nociception in animal models. There are
advantages and disadvantages for each behavioral test that should be accounted for to achieve a
meaningful result and outcome that will improve the understanding of pain.
Studies involving animal models have largely been directed at measuring the nociceptive or
sensory components of pain rather than the emotional or affective component. In humans, selfreporting is used as the gold standard for assessing negative states such as anxiety and pain. This proves
challenging in non-communicating animals because self-reporting is not possible, we therefore make
assumptions from changes in behavior that supposedly correlate with changes in affective state.
Performance in open-field, elevated plus-maze, forced-swim, or novel object have been used widely in
research to study pain-like behaviors but many do not consider them to be accurate assessments of
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underlying affective states (Mogil & Crager, 2004; Prut & Belzung, 2003; Urban et al., 2011). To study the
unobservable affective states, we can use motivation and preference/avoidance tests based on the
assumption that affective states can be linked to preference/motivation which will ultimately drive the
behavior (Johansen et al., 2001; King et al., 2009; Kirkden and Pajor, 2006). To test the affective states
under these conditions, the animal is given control over their choices to spend time in an environment
and we can infer motivational aspects of stimuli associated with the environment by based on observing
their choice. Conditioned place preference (CPP) is a technique used to evaluate the rewarding and
aversive effects of drugs (Prus, James, & Rosecrans, 2009; Tzschentke, 2007). This method requires the
establishment of an association between a positive or negative reward paired with an environmental
cue. This reward is repeatedly paired so that the animal learns a preference or avoidance (conditioned
place avoidance, CPA) in the absence of stimulus.
1.11 Dry Eye and Pain
To diagnose DED, clinicians have typically relied on questionnaires such as the Ocular Comfort
Index (OCI) or Ocular Surface Disease Index (OSDI) to evaluate signs or symptoms. These self-evaluation
techniques present problems in consistency due to its subjective nature. The most common reported
symptoms of dry eye include sensitivity to light, variable and blurred vision, and ocular surface
discomfort (Begley et al., 2001; Nichols, 2006; Nichols et al., 2004; Toda, Fujishima, & Tsubota, 1993).
Ocular surface discomfort is the most common symptom reported and encompasses feelings of dryness,
irritation, scratchiness, sandiness, soreness, stinging, itch, burning, grittiness, foreign body sensation,
and ocular tiredness (Johnson, 2009). Assessment of physical signs of DED has inherent problems
because objective tests do not always correlate to the severity of the disease or pain state (Nichols et
al., 2004). Examples of objective tests of DED include Schirmer test, tear meniscus height, phenol red
thread, tear break up time, impression cytology, fluorescein scores for ocular surface integrity, and
fluorophotometry. Evaluation of corneal sensitivity using various esthesiometers has also been
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employed in the clinic, but the data has been inconsistent most likely being caused by variations in
severity of disease (Bron et al., 2017b; Stapleton et al., 2017).
In animal models of DED, many of the clinical tests used on patients can be directly used and
reproduced much like the clinic. Fluorescein scores, phenol red thread, Shirmer test, and tear film
stability (TBUT) have all been extensively used to validate animal models of DED (Barabino, Chen, &
Dana, 2004). Even though there is conflicting population data on hyper- or hyposensitivity changes due
to DED, other groups have tested sensitivity changes in animal models with success. Using a CochetBonnet esthesiometer, rats have been shown to have increased mechanical sensitivity due to LGE (Meng
et al., 2015). Menthol, capsaicin, and hypertonic saline have been used as a stimulus-evoked method to
test sensitivity with great success in lots of animal models (Mecum et al., 2019; Meng et al., 2015; Meng
& Kurose, 2013; Rahman et al., 2015). While lots of effort has been placed on replicating clinical tests
to evaluate DED and testing ocular sensitivity changes, there is minimal work on the evaluation of the
affective component.
1.12. Thesis Statement
Currently, no model of DED has been characterized that fully encapsulates the symptoms of
DED, including the sexual dimorphic presentation as well as the symptomology. The aim of this thesis is
to fully characterize a mouse model of DED, examining sex as a biological variable and alterations in
corneal sensitivity.
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CHAPTER 2
EVALUATION OF CORNEAL DAMAGE AFTER LACRIMAL GLAND EXCISION IN MALE AND FEMALE MICE
The section below is work that is published as a primary research article in Investigative and
Opthamology & Visual Science (Mecum et al., 2019). It has been slightly modified for this dissertation.
2.1. Abstract
2.1.1. Purpose
Lacrimal gland excision (LGE) has been utilized in several studies to model aqueous tear
deficiency, yet sex as a biological variable has not been factored in to these reports. This study
compared corneal pathology in male and female mice following LGE-induced dry eye.
2.1.2. Methods
An LGE of either the extraorbital lacrimal gland (single LGE) or both the extraorbital and
intraorbital lacrimal glands (double LGE) was performed in male and female C57BL/6J and BALB/cJ mice
to produce dry eye of graded severity. Following excision, tearing was evaluated with phenol red thread,
and corneal fluorescein staining was scored to quantify the severity of damage. Corneas were evaluated
for apoptosis by the TUNEL assay and for cell proliferation using Ki67 staining. Furthermore, corneas
were harvested and analyzed for macrophages via flow cytometry.
2.1.3. Results
Baseline tearing levels were similar in male and female mice, and LGE resulted in comparable
reductions in tearing with the lowest levels recorded after double LGE. As determined by fluorescein
staining, LGE produced more severe damage to the cornea in female C57BL/6J and BALB/cJ mice. Double
LGE increased TUNEL and Ki67 staining in the cornea, with greater increases found in female mice.
Furthermore, LGE produced a greater increase in the total number of corneal macrophages in female
mice.
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2.1.4. Conclusions
These results indicate that female mice are more susceptible to LGE-induced corneal damage.
The mechanisms involved in producing these sex differences still need to be elucidated but may involve
increased inflammation and macrophage infiltration.
2.2 Introduction
Dry eye disease (DED) is a multifarious disease characterized by the sensation of ocular dryness
and irritation that is commonly accompanied by tear deficiency (Belmonte et al., 2017). The cause of
DED can be related to attenuated tear quantity and/or altered tear composition, resulting in clinical
presentations of tear film instability, inflammation and damage to the ocular surface, and ocular
discomfort and pain. Insufficient tear production by the lacrimal glands results in aqueous dry eye
caused by a deficiency in the aqueous tear layer, whereas meibomian gland dysfunction results in
evaporative dry eye due to the lack of a protective barrier created by the outer meibum lipid tear layer
(Bron et al., 2017; Chhadva et al., 2017). Population-based epidemiologic studies show a wide range of
disease prevalence, from 5% to almost 35%, depending on the study population and operational
definition of DED (Stapleton et al., 2017; “The epidemiology of dry eye disease: report of the
Epidemiology Subcommittee of the International Dry Eye WorkShop (2007).,” 2007). The incidence of
DED increases with age, and dry eye symptoms are more frequently reported in women compared to
men (Schaumberg et al., 2009; Moss et al., 2000; Schaumberg et al., 2003; Sullivan et al., 2017)
Sex differences in animal models of dry eye have been previously reported. In particular, genetic
mouse models of Sjögren's disease have shown significant differences in the inflammation of lacrimal
and meibomian glands. For example, lacrimal glands in MRL-lpr mice show greater signs of inflammation
in females compared to males, whereas the reverse is true in nonobese diabetic (NOD) mice, in which
the lacrimal glands from male animals show greater signs of inflammation (Tellefsen et al., 2018; Toda et
al., 1999). Dry eye produced by desiccating environmental stress, usually presented with an
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anticholinergic drug, typically has been employed using only female animals (Barabino et al., 2005;
Dursun et al., 2002; Fabiani et al., 2009; Shen et al., 2007; Yeh et al., 2003; Yoon et al., 2007; You et al.,
2015). However, one study that used female and male animals in the desiccating environmental stress
model found a greater reduction in tears and increased corneal damage in female mice (Gao et al.,
2015).
In two additional models of aqueous tear deficiency, lacrimal gland excision (LGE) and injection
of botulinum toxin B into the lacrimal gland, only female mice have been tested (Kim et al., 2016;
Shinomiya et al., 2018; Stevenson et al., 2014; Yeh et al., 2003; Yoon et al., 2007; You et al., 2015). In
contrast, LGE in the rat has been performed exclusively in male animals (Bereiter et al., 2018; Fujihara et
al., 2001; Higuchi et al., 2016; Higuchi et al., 2010; Kaminer et al., 2011; Kurose et al., 2013; Meng et al.,
2015; Rahman et al., 2015). A direct comparison of female and male animals after LGE has not been
performed.
Typical endpoints in animal models of dry eye include signs and symptoms of disease
progression, such as tear quantity measured with a modified Schirmer's test and corneal epithelial cell
damage as observed with corneal fluorescein staining (Dursun et al., 2002; Kurose et al., 2013; SuwanApichon et al., 2007; Meng et al., 2015; Meng et al., 2013; Suwan-Apichon et al., 2006). Additional
consequences of dry eye include corneal epithelial cell apoptosis, increases in the presence of distinct
inflammatory markers, infiltration of immune cells to the ocular surface, and epithelial cell proliferation
for their involvement in corneal wound healing (Barabino, Chen, & Dana, 2004; Chen et al., 2013; de
Paiva et al., 2017; Ferrari et al., 2011; Hamrah et al., 2007; Lee et al., 2017; Lee et al., 2011; Lekhanont et
al., 2007; Nakamura et al., 2007; Shen et al., 2007; Stevenson et al., 2014; Xiao et al., 2012; Yeh et al.,
2003; Yoon et al., 2007; You et al., 2015; Zhang et al., 2014; Zhu et al., 2009). It is currently unknown
how sex might affect these common endpoints following LGE. The present study used LGE to compare
the effect of aqueous tear deficiency in two strains of male and female mice. A graded severity of dry
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eye was produced by excising either the extraorbital lacrimal gland (single LGE) or both the extraorbital
and intraorbital lacrimal glands (double LGE).
2.3. Methods
2.3.1. Animals
Male and female C57BL/6J and BALB/cJ mice aged 8 to 10 weeks were obtained from Jackson
Labs (Bar Harbor, ME, USA) and housed in a controlled 12-hour light/dark cycle with free access to food
and water. Animals were treated according to the policies and recommendations of the National
Institutes of Health guidelines for the handling and use of laboratory animals and in accordance with the
ARVO Statement for the Use of Animals in Ophthalmic and Vision Research. All procedures were
approved by the Institutional Animal Care and Use Committee at the University of New England.
2.3.2. Surgical Procedure
Unilateral LGE was performed under 1.5% to 2% isoflurane anesthesia. The extraorbital lacrimal
gland was accessed through a 3-mm incision made anterior and ventral to the ear (Fig. 1A). The
intraorbital lacrimal gland, located rostral to the extraorbital gland within the ventral orbit, was
approached with a smaller 1-mm incision, taking care to avoid surrounding blood vessels and nerves
(Fig. 1B). For the single LGE treatment group, only the larger extraorbital lacrimal gland was excised,
whereas both the extraorbital and intraorbital lacrimal glands were excised in the double LGE treatment
group. For sham surgeries, two incisions were made and both glands were partially exposed.
2.3.3. Hematoxylin and Eosin Stain
To confirm gland tissue excision, extraorbital and intraorbital glands were fixed in formalin
following removal and embedded in paraffin, and 5-μm sections were cut on a microtome. Slides were
dried overnight at ambient temperature and baked at 60°C for 1 hour. Slides were dewaxed, rehydrated,
and stained with hematoxylin and eosin on a Leica Autostainer XL (Leica, Buffalo Grove, IL, USA), then
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dehydrated through graded alcohols, cleared with xylene, and mounted using a resinous mounting
medium.
2.3.4. Tear Measurements
Tears were measured by inserting cotton phenol red threads (Zone-Quick; FCI Ophthalmic,
Pembroke MA, USA) into the lateral canthus of the eye for 20 seconds in unanesthetized animals. The
length of thread presenting with a change in color was measured under a microscope to the nearest 0.1
mm.
2.3.5. Fluorescein
Corneal fluorescein staining was performed every week beginning the first week before surgery
in order to assess the degree of corneal damage after LGE. A 1% fluorescein solution (10 μL; SigmaAldrich Corp., St. Louis, MO, USA) was applied to the cornea in isoflurane-anesthetized animals. After 2
minutes, the eye was rinsed with artificial tears to remove excess fluorescein and examined using cobalt
blue light from an ophthalmic slit-lamp handheld model scope (Hai Laboratories, Inc., Lexington, MA,
USA). The degree of staining was scored based on a 0 to 4 grading system (Meng et al., 2015; SuwanApichon et al., 2006). The absence of fluorescein staining was scored with a 0; staining of up to 1/8 of
the cornea was scored a 1; between 1/8 and 1/4 of the cornea was scored a 2; 1/4 to 1/2 of the cornea
was scored a 3; and greater than 1/2 of the cornea was scored a 4.
2.3.6. TUNEL and Ki67 Staining
Cell death due to apoptosis was identified via TUNEL assay using an in situ cell death detection
kit (TMR Red; Roche, Nutley, NJ, USA). Corneas were harvested and fixed in 10% formalin overnight, and
then in 30% sucrose for 3 days. Frozen corneal cross sections were cut at 12 μm using a cryostat, and
mounted sections were stored at −80°C. For TUNEL staining, corneas were briefly washed in phosphatebuffered saline (PBS), permeabilized with PBS-Triton (T) for 15 minutes, and stained in accordance with
the manufacturer's directions. Following TUNEL staining, corneas were processed for Ki67 protein

21

(ab16667; Abcam, Cambridge, MA, USA), a cellular proliferation marker expressed only during active
stages of the cell cycle. Corneal tissue was briefly washed in PBS, permeabilized with PBS-T for 15
minutes, and blocked with 5% normal donkey serum in PBS-T for 1 hour. Following blocking solution,
1:100 diluted primary Ki67 antibody was applied and incubated overnight. After brief washes in PBS,
tissue was incubated with a FITC anti-rabbit secondary antibody (1:200; Thermo Fisher Scientific,
Portsmouth, NH, USA) for 1 hour. Slides were then coverslipped with a Vectashield soft-set medium with
4′,6-diamidino-2-phenylindole (DAPI) (Vector Labs, Burlingame, CA, USA).
Actively proliferating and apoptotic cells were identified using a fluorescence microscope (Leica
DM2500M) with LAS V4.6 software. For each cornea, four sagittal sections that crossed through the
corneal apex were selected for analysis. In each section, two regions were defined based on their
distance from the corneal apex. The central zone consisted of an area within 0.75 mm of the corneal
apex, and the peripheral zone was located just outside of the measured corneal center. Harvested
corneas did not include the limbus or conjunctiva. Two images were taken from each region by a
researcher blinded to the animal's treatment and sex. From these images, TUNEL-positive (TUNEL+) and
Ki67-positive (Ki67+) staining was counted by two blinded researchers. Overall counts from the two
researchers differed by <5% and were averaged for the final analysis. Comparisons were made between
treatment groups after calculating the mean of the counts from all eight regions.
2.3.7. Flow Cytometry
Frequencies of macrophages and dendritic cells present in the cornea were examined using flow
cytometry. Corneas, not including limbal or conjunctival areas, were harvested and six corneas from
each treatment group were pooled into 2-mL conical tubes. Tissue was digested with 2 mg/mL
collagenase (11088858001, Sigma-Aldrich Corp.) and 0.5 mg/mL DNase (04716728001, Sigma-Aldrich
Corp.) in Hanks' balanced salt solution (Lonza Biologics, Portsmouth, NH, USA). The corneas were
agitated on a tube shaker at 400 rpm at 37°C for 2.5 to 3 hours. Each sample was titrated with a Pasteur
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pipette and filtered with a 70-μm mesh filter. The filters were flushed with 3.5 mL 20 mM EDTA (pH 7.4).
After samples were washed with PBS, they were stained with 5(6)-carboxyfluorescein diacetate Nsuccinimidyl ester (CFSE, Sigma-Aldrich Corp.) per the manufacturer's instructions. Pellets were washed
with PBS for 5 minutes and then cell surface Fc receptors were blocked by anti-mouse CD16/CD32 (clone
2.4G2, 50 μL at 1 μg/mL, 553142; BD Biosciences, San Diego, CA, USA) for 30 minutes on ice. CD45 and
CD11b fluorescent-labeled monoclonal antibodies were used to identify infiltrating cells (APC antimouse CD45 clone 30-11, and PE anti-mouse CD11b clone M1/70, both at 1:50; Thermo Fisher). After
incubation for 30 minutes on ice, 500 μL PBS was added and centrifuged at 2000g 4°C for 5 minutes.
Supernatant was removed and samples were washed again with PBS. The samples were run on a C6
Accuri Flow Cytometer (BD Biosciences) along with nonstained controls at each time. Data were
analyzed using FlowJo software (Tree Star, Inc., Ashland, OR, USA).
2.3.8. Statistical Analysis
Multiple comparisons for parametric data sets with normal distributions and equal variance
were analyzed using a 2-way ANOVA without repeated measures and a Tukey post hoc test. Data sets
analyzed in this way (with sex and surgery as the two factors) included tear measurements, Ki67+ and
TUNEL+ cell values, and flow cytometric data. Fluorescein scores across the 4-week time period were
analyzed using Friedman repeated measures analysis of variance on ranks with Dunn's post hoc analysis.
Fluorescein sex differences for individual time points and treatments were determined using a MannWhitney U test. Analyses were performed using commercial software (GraphPad Prism 6; GraphPad
Software, San Diego, CA, USA). All results are expressed as mean ± SEM. Values of P < 0.05 were
considered to be statistically significant.
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2.4. Results
2.4.1. Extraorbital and Intraorbital Lacrimal Gland Histology
To verify the accuracy of intraorbital and extraorbital LGEs, lacrimal gland tissue from C57BL/6J
mice was examined following hematoxylin and eosin staining (Fig. 1). The extraorbital gland, located just
anterior to the ear, was easily identified prior to excision (Fig. 1A). The gross morphology of the much
smaller intraorbital gland was similar to that of the extraorbital gland, yet its location was entirely within
the inferior orbit (Fig. 1B). The extraorbital gland demonstrated a multilobed, tubule–alveolar exocrine
gland structure (Fig. 1C), consisting of mostly acinar cells surrounded by myoepithelial cells, blood
vessels, and intra- and interlobular ducts (Fig. 1E). The general features of the intraorbital gland were
similar to those of the extraorbital gland (Figs. 1D, D,11F).
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2.1. Figure

FIGURE 2.1. Extraorbital and Intraorbital Lacrimal Gland Histology from Hematoxylin- and Eosin-stained
Tissue. (A, B) Photographs showing the incisions performed for excision of the (A) extraorbital lacrimal
gland and (B) smaller intraorbital lacrimal gland. (C) Photomicrograph of an extraorbital lacrimal gland
section illustrating acinar cells surrounded by myoepithelial cells, blood vessels, and ductal epithelial
cells. (D) Intraorbital lacrimal gland section showing similar characteristics to the extraorbital lacrimal
gland. (E) Increased magnification of the extraorbital gland demonstrates acinar cells (arrows) and an
intra- or interlobular excretory duct (asterisk). (F) An intraorbital lacrimal gland section with similar
acinar cells (arrows) and excretory ducts (asterisk). LG, lacrimal gland. Scale bars: 100 μm.
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2.4.2. Quantification of Tears
Cotton phenol red threads were used to assess the extent of aqueous tear loss 2 weeks
following sham, single, and double LGE in male and female mice. In male and female C57BL/6J mice,
single LGE reduced tear levels by 67% to 70% relative to sham-treated animals, while double LGE
produced an 89% to 93% reduction compared to sham treatment. A significant surgical effect was found
using a 2-way ANOVA to compare group mean averages in C57BL/6J mice (Fig. 2A; Table). A Tukey post
hoc analysis revealed a reduction in tears measured from both male and female mice following single
and double LGE compared to sham controls (P < 0.001), with double LGE producing an even greater
reduction when compared to single LGE (male mice, P < 0.05; female mice, P < 0.01). Likewise, for
BALB/cJ mice (Fig. 2B), a 2-way ANOVA to compare group mean averages also showed a significant
surgical treatment effect (Table). After single LGE, male and female mice had 49% to 58% lower tear
levels compared to sham animals (P < 0.01). Double LGE produced an even greater 89% to 90%
reduction in tears compared to sham (P < 0.01), which was also significantly lower than after single LGE
(P < 0.05). No sex-specific differences were found in tear levels following LGE for either C57BL/6J or
BALB/cJ mice (Table).
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2.2. Figure

Figure 2.2. The Effect of Lacrimal Gland Excision (LGE) on Tear Levels in (A) C57BL/6J Mice and (B)
BALB/cJ Mice. Tears were quantified using a cotton phenol red thread 2 weeks post-surgery. In both
mouse strains, excision of the extraorbital lacrimal gland (single LGE) reduced tears
when compared with sham surgery, with excision of both the extraorbital and intraorbital lacrimal
glands (double LGE) producing a further reduction in tears. No differences were observed between male
and female mice. **P < 0.01 versus sham; *P < 0.05 and **P < 0.01 versus single LGE; n = 12 to 24 for
C57BL/6J mice; n = 17 or 18 for BALB/cJ mice.
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Table 1. Results from ANOVA Statistical Analysis

2.4.3. Fluorescein Scores in C57BL/6J and BALB/cJ Mice
To assess corneal damage following LGE, fluorescein was visualized each week after surgery
using a slit-lamp ophthalmoscope. Sham surgery did not alter corneal fluorescein staining in male or
female mice across the 4-week observation period in either the C57BL/6J or BALB/cJ mice (Figs. 3A &
3B). Following single LGE in C57BL/6J mice, female mice had significantly higher fluorescein scores at 2and 3-weeks post-surgery compared to male mice at the same time points (Fig. 3C, P < 0.01 for week 2
and P < 0.05 for week 3). This difference was primarily due to a reduction in male fluorescein scores
after the first week. Double LGE produced an even greater elevation in fluorescein scores, with male and
female C57BL/6J mice showing peak scores at 1-week post-surgery (Fig. 3E). At weeks 2 and 3, however,
male mice demonstrated an ability to recover significantly, as indicated by lower fluorescein scores
compared to week 1 (Fig. 3E, P < 0.01). In contrast, fluorescein scores in female mice remained elevated
throughout the 4 weeks.
When compared to C57BL/6J mice, LGE in BALB/cJ mice produced far less severe corneal
epithelial cell damage. Consistent with C57BL/6J mice, however, was the finding that female BALB/cJ
mice demonstrated a more severe corneal pathology after LGE. After single LGE in BALB/cJ mice, the
only significant increase in fluorescein scores was at the 2-week time point, with female mice exhibiting
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higher fluorescein scores compared to their male counterparts (Fig. 3D, P < 0.05). Following double LGE
in BALB/cJ mice, both female and male animals had increased fluorescein scores above baseline values,
yet female mice had greater fluorescein scores at every time point compared to male mice (Fig. 3F, P <
0.01). Unlike the C57BL/6J mice, male mice did not exhibit a greater elevation in fluorescein scores at
week 1, instead showing a consistently lower level throughout the 4-week observation period.
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2.3. Figure

Figure 2.3. Corneal Fluorescein Scores Following Lacrimal Gland Excision. The cornea was examined
prior to and each week following surgery. Both single and double LGE produced greater corneal damage
in C57BL/6J compared to BALB/cJ mice. In both strains, however, female mice showed greater corneal
damage compared to male mice. (A, B) Corneal fluorescein scores following sham surgery in C57BL/6J
and BALB/cJ mice. (C, D) Corneal fluorescein scores following single LGE surgery in C57BL/6J and BALB/cJ
mice. (E, F) Corneal fluorescein scores following double LGE surgery in C57BL/6J and BALB/cJ mice. *P <
0.01 and **P < 0.01 for female versus male mice at the same time point; **P < 0.01 versus male animals
at 1 week; n = 12 to 24 per treatment group.
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2.4.4. Apoptosis of Corneal Epithelial Cells
Quantification of TUNEL+ cells was performed to assess corneal epithelial cell apoptosis
following LGE in C57BL/6J mice (Fig. 4). The TUNEL stain, a method for identifying cells undergoing DNA
degradation due to apoptosis, produced an easily identifiable punctate label located in the outer
epithelial cell layers of the cornea (Fig. 4B). Each time point was analyzed using a 2-way ANOVA for
group mean averages with Tukey post hoc analysis for surgical and/or sex differences (Fig. 4A). At weeks
1, 2, and 4, there was a significant effect of surgery on the number of TUNEL+ cells (Table). A significant
effect of sex was found only at weeks 1 and 4 (Table). Post hoc analysis revealed a greater number of
TUNEL+ cells in female and male animals after double LGE at week 1 when compared to both sham
surgery (P < 0.01) and single LGE (female mice, P < 0.01; male mice, P < 0.05). At weeks 2 and 4, TUNEL+
cells were elevated only in female animals after double LGE compared to sham and single LGE treatment
(P < 0.01). The increase in TUNEL+ cells after single LGE did not reach significance at any of the time
points. At 1- and 4- weeks post-surgery, double LGE in female mice produced significantly more TUNEL+
cells than in male mice (P < 0.05), while the sex difference at 2 weeks post-surgery failed to reach
significance. Sham surgery did not alter the number of TUNEL+ cells at any time point when compared
to naïve animals (Fig. 4A).
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2.4. Figure

Figure 2.4. Apoptosis of Corneal Epithelial Cells Following Lacrimal Gland Excision. (A) Quantification of
TUNEL in corneal cross sections 1, 2, and 4 weeks post-surgery. At 1 and 4 weeks, double LGE in female
mice produced a greater number of TUNEL-positive cells compared to male mice. (B) Representative
images for TUNEL-positive cells at 1, 2, and 4 weeks post-surgery. Note the increase in TUNEL-positive
cells in female mice (upper), which were mainly located in the superficial epithelium, compared to the
male mice (lower). Cell nuclei were stained with DAPI. *P < 0.05, **P < 0.01; n = 6 per treatment group.
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2.4.5. Corneal Epithelial Cell Proliferation
Corneal epithelial cell proliferation was examined using an antibody against Ki67 in C57BL/6J
mice (Fig. 5). Ki67 is a protein expressed only during the active phases of the cell cycle and can be seen
expressed in corneal epithelial cells in both sham and LGE treatment groups (Fig. 5B). Each time point
was analyzed using a 2-way ANOVA for group mean averages with a Tukey post hoc analysis for surgical
and/or sex differences. A significant effect of surgery treatment was found at all three time points,
whereas an effect of sex was observed only at the first week after surgery (Table). Post hoc analysis
revealed an increase in the number of Ki67+ cells in both male and female animals after double LGE at
all three time points (Fig. 5A, P < 0.01 versus sham; P < 0.05 versus single LGE). At 1 week, the number of
Ki67+ cells was significantly greater in female animals compared to their male counterparts (Fig. 5A, P <
0.05). After single LGE, the increase in Ki67+ cells did not reach statistical significance (Fig. 5A, P > 0.05).
As with TUNEL staining, sham surgery did not alter the number of Ki67+ cells when compared to naïve
animals.

33

2.5. Figure

Figure 2.5. Corneal Epithelial Cell Proliferation Following Lacrimal Gland Excision. (A) Quantification of
Ki67 in corneal cross sections 1, 2, and 4 weeks post-surgery. At 1-week, double LGE in female mice
caused significantly more cell proliferation when compared to male mice. At the other time points,
double LGE produced similar increases in Ki67- positive cells in female and male mice. (B) Representative
images of Ki67-positive cells at 1, 2, and 4 weeks post LGE. Cell nuclei are stained with DAPI. *P < 0.05,
**P < 0.01; n = 6 per treatment group
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2.4.6. Flow Cytometric Analysis of Infiltrating Cells
Frequencies of macrophages and dendritic cells were examined using flow cytometry (Fig. 6).
Pooled corneas from six mice were used for each sample and data were analyzed from three
independent experiments. A comparison of group means between populations of CD45+ cells in cornea
samples found an overall difference between surgery treatment groups at the 1- and 2-week time points
(P < 0.05, Table), with no significant effect of sex (P > 0.05, Table). Individual group comparisons did not
reveal a significant difference between any two individual treatment groups (P > 0.05, Fig. 6C). An
analysis of the percentage of CD45+/CD11b+ cells (mostly macrophages, neutrophils, and dendritic cells)
indicated a significant effect of both surgery (P < 0.01, Table) and sex (P < 0.01, Table) at the 1- and 2week time points. One week after both single and double LGE, female mice showed a greater
percentage of CD45+/CD11b+ cells when compared to sham controls (Fig. 6D). In male mice, single but
not double LGE increased the percentage of CD45+/CD11b+ cells at 1 week (Fig. 6D). At 2 weeks postsurgery, corneas from female mice with double LGE had a greater percentage of CD45+/CD11b+ cells
when compared to sham, single LGE, and male mice with double LGE (Fig. 6D). In contrast, the
percentage of CD45+/CD11b+ cells in male mice was not significantly elevated 2 weeks after single or
double LGE when compared to sham controls (Fig. 6D).
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2.6. Figure

Figure 2.6. Antigen-presenting CD45+/CD11b+ Cells Present in the Cornea after Lacrimal Gland Excision.
(A) The total population of cells identified by the side scatter (SSC) versus forward scatter (FSC) dot plot,
with cells falling within the region (R1) demarcated for further analysis. CD45+ cells were gated within
the total cell population and cells positive for both CD45 and CD11b were further identified and
quantified. (B) Representative CD45 versus CD11b dot plots for each of the six individual treatment
groups, with the average percentages of CD45+/CD11b+ cells within the total cell population labeled
within each plot. (C) The percentage of CD45+ cells. (D) Percentage of CD45+/CD11b+ cells. Data are
from three separate runs with each sample consisting of six corneas. *P < 0.05.
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2.5. Discussion
In this study, the effects of LGE-induced dry eye on corneal pathology in female and male mice
were compared. While LGE produced a comparable reduction in tearing, female mice, both C57BL/6J
and BALB/cJ strains, showed elevated corneal fluorescein scores when compared to male mice.
Consistent with this observation of greater corneal damage, female mice also demonstrated greater
increases in corneal epithelial cell apoptosis and immune cell infiltration. In both sexes, excision of only
the extraorbital lacrimal gland (single LGE) caused milder corneal pathology when compared to excision
of both the extraorbital and intraorbital lacrimal gland (double LGE). However, even the more moderate
manifestation of dry eye after single LGE was more pronounced in female mice.
Previous studies in the mouse and rat have utilized LGE to study the effects of reduced aqueous
tearing on the cornea. In these studies, most excised only the extraorbital lacrimal gland; however, one
study in mouse and one in rat have compared the consequences of double LGE to single LGE (Ian D
Meng et al., 2015; Shinomiya et al., 2018). Histologic comparison of the intraorbital and extraorbital
lacrimal glands confirmed their morphologic similarities, with both glands demonstrating lobules lined
with secreting acinar cells, as has been previously described (Shinomiya et al., 2018). As lacrimal glands
are the primary source of the aqueous component of tears, including water, electrolytes, and proteins, a
reduction in secretions from the lacrimal gland results in aqueous tear deficiency (Dartt, 2009; Meng et
al., 2013). Consistent with the present study, single and double LGE have been shown to cause a graded
reduction in tear volume, matched by an increase in corneal fluorescein staining (Ian D Meng et al.,
2015; Shinomiya et al., 2018). The ability to create a reproducible dry eye with graded severity without
the use of pharmaceuticals (e.g., anticholinergic drugs) represents a particular advantage of this model
(Stevenson et al., 2014).
The comparison of single and double LGE in the rat has been performed using exclusively male
animals, whereas in the mouse, female C57B/6 animals were used (Meng et al., 2015; Shinomiya et al.,
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2018). Similarly, studies employing excision of only the extraorbital lacrimal gland have utilized either
only male or female animals. In general, studies performed in rats have used males (Bereiter et al., 2018;
Fujihara et al., 2001; Higuchi et al., 2016, 2010; Kaminer et al., 2011; Kurose et al., 2013; Meng et al.,
2015; Rahman et al., 2015), and studies in mice have used females (Kim et al., 2016; Shinomiya et al.,
2018; Stevenson et al., 2014). The utilization of female C57B/6 mice by Stevenson et al. likely
contributed to their conclusion that single LGE results in severe dry eye symptoms, with extensive
damage to the corneal epithelium. In contrast, we found that single LGE in male animals produced a
considerably less severe manifestation of dry eye. It also should be noted that these differences were
found without controlling for the stage of estrous, and fluctuating levels of estrogen and progesterone
during the estrous cycle could further impact corneal properties and immune responses to LGE.
In addition to sex, mouse strain also had a significant impact on the severity of dry eye observed
after LGE. Baseline tearing and the amount of tear reduction following LGE was comparable for both
strains, yet a much more severe phenotype was expressed in both male and female C57BL/6J mice.
Strain differences have also been noted as a result of desiccating environmental stress (Barabino et al.,
2007; Yoon et al., 2007). Following exposure to a dry environment, a greater reduction in tear
production was found in female C57BL/6 mice when compared to female BALB/c mice, yet similar
increases in corneal fluorescein scores were noted (Barabino et al., 2007). Furthermore, while both
C57BL/6 and BALB/c mice showed a decrease in conjunctival goblet cell density after 3 days of dry
environment exposure, only the BALB/c mice demonstrated a capacity to recover after 7 days of
exposure (Barabino et al., 2007). These results indicate that BALB/c mice may have a higher ability to
compensate when presented with challenges to ocular homeostasis.
Similar mouse strain differences have been found after corneal injury. After corneal epithelial
debridement, the frequency of recurrent epithelial erosions was greater in C57BL/6 mice compared to
BALB/c mice (Pal-Ghosh et al., 2008). In addition, benzalkonium chloride–induced injury produced more
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severe corneal wounds in C57BL/6 mice (Yang et al., 2017). These strain differences in the response to
both dry eye and corneal injury have been attributed to differences in immune responses. In particular,
C57BL/6 mice demonstrate a greater type 1 T helper cell (Th1) response, whereas BALB/c mice show a
bias toward the type 2 T helper cell (Th2) (Watanabe et al., 2004). The Th1 response manifests as high
interferon (IFN)-γ secretion and low interleukin (IL)-4 secretion. In contrast, Th2-mediated immune
responses are characterized by low IFN-γ secretion and high IL-4. In C57BL/6 mice, desiccating stress–
induced dry eye caused a greater increase in Th1 cell attracting chemokines on the ocular surface,
including CCL3 and CCL4, when compared to BALB/c mice (Yoon et al., 2007). Since these are
proinflammatory chemokines and also attract monocytes, macrophage infiltration may also play a role
in the more severe dry eye observed in C57BL/6 mice after LGE.
Previous studies have examined corneal epithelial cell apoptosis in response to desiccating
stress–induced dry eye (Lee et al., 2011; Yeh et al., 2003). As in the present study, an increase in
apoptosis was observed concomitant to increases in fluorescein staining. We also found that levels of
TUNEL staining were higher in female mice compared to males, which was consistent with the more
extensive ocular surface damage observed with corneal fluorescein staining. Perhaps as a consequence
of the increase in cell death, both male and female mice demonstrated an increase in cell proliferation
after LGE, a result also seen after desiccating stress–induced dry eye in female mice (Fabiani et al.,
2009). This increase in epithelial cell turnover would likely assist in corneal wound healing. While TUNEL
staining in male mice returned to baseline levels by 4 weeks post double LGE the number of Ki67+ cells
remained elevated, indicating that cell proliferation may contribute to the decrease over time in
fluorescein scores in male mice.
Tear deficiency results in ocular inflammation, contributing to dry eye symptoms (Barabino et
al., 2004; de Paiva et al., 2017; Hamrah & Dana, 2007; Lekhanont et al., 2007; Shen et al., 2007;
Stevenson et al., 2014; Yoon et al., 2007; You et al., 2015; Zhu et al., 2009). In addition to increased
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production of proinflammatory cytokines and chemokines, dry eye results in the infiltration of immune
cells including T cells, macrophages, dendritic cells, and neutrophils. Furthermore, inhibition of this
inflammatory response can improve the clinical signs of dry eye (Lee et al., 2011; Lekhanont et al.,
2007). Previous studies in female mice have shown significant infiltration of CD11b+ cells, macrophages,
and a subset of dendritic cells following desiccating stress–induced dry eye (H. S. Lee et al., 2017, 2011).
Consistent with these findings, both single and double LGE in female mice increased the percentage of
CD45+/CD11b+ cells, with double LGE elevating levels at both 1- and 2-weeks post LGE. In contrast, the
percentage of CD45+/CD11b+ cells in male mice increased only in the first week following double LGE.
These sex differences in the immune response to LGE may contribute to the more severe corneal
damage observed in female animals.
Sex differences in the extent of corneal damage and the immune response to ocular dryness
have also been reported after desiccating stress–induced aqueous tear deficiency (Gao et al., 2015).
Exposure to a low-humidity environment caused a greater increase in corneal fluorescein staining in
female mice at days 3 and 5, although comparable fluorescein scores were obtained in female and male
mice at day 10. Corneal damage correlated with greater T-cell activation in female mice compared to
males. In another corneal injury model, female mice took longer than male mice to heal following
repeated cornea epithelial abrasions (Wang et al., 2012). This delay in wound healing could be induced
in male mice by topical corneal application of estrogen, indicating the importance of sex steroids in
regulating wound healing. The delayed corneal wound healing in female mice is consistent with a
reported increase in re-epithelialization time in females compared to males when treated for fungal
corneal ulcers (Krishnan et al., 2012). Sex differences in gene expression from human corneas offer
additional support for greater healing capacity in males (Suzuki et al., 2009). For example, corneas from
males demonstrated higher expression levels of epidermal grown factor receptor and genes that
promote DNA replication and corneal epithelial cell migration.
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The impact of sex on inflammation in DED is also supported by results from mouse models of
Sjögren's syndrome (Tellefsen et al., 2018; Toda et al., 1999). Increased expression of proinflammatory
genes in the lacrimal gland has been reported in female MRL-lpr mice and male NOD mice, consistent
with the pathophysiology found in these mouse models. In the case of MRL-lpr mice, testosterone
appears to play an important role in the suppression of the immune response and increased functioning
of the lacrimal gland in male mice (Sato et al., 1992; Sullivan et al., 1997). While the present study
focused on the influence of sex in a model of aqueous tear deficiency, sex also likely impacts evaporative
dry eye. Loss of meibomian gland function observed after the knockout of the epithelial sodium channel,
beta-ENaC, from the meibomian gland resulted in greater corneal damage in female compared to male
mice (Yu et al., 2018). In this case, androgens may have played a protective role, as testosterone has
been demonstrated to regulate genes involved in lipogenesis in meibomian gland tissue (Richards et al.,
2006b; Schirra et al., 2006).
In summary, female mice showed greater susceptibility of the cornea to damage after both
single and double LGE that was time-dependent. Importantly, the strain of mouse also influenced the
extent of corneal damage following LGE. Results from this study indicate that sex differences in
inflammation of the ocular surface may contribute to the increase in dry eye–induced epithelial cell
damage in female mice. Further studies are needed to determine the potential contribution of estrogen
and testosterone to dry eye–induced inflammation in the LGE model.
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CHAPTER 3
LACRIMAL GLAND EXCISION IN MALE AND FEMALE C57BL/6 MICE CAUSES PAIN- AND ANXIETY-LIKE
BEHAVIOR
3.1. Abstract
3.1.1. Purpose
Previously, we have shown that female mice exhibit a more severe dry eye phenotype following
lacrimal gland excision (LGE) induced dry eye, as evidenced by increased fluorescein scores and cornea
epithelial apoptosis. Signs of ocular discomfort and pain are the most common symptoms of dry eye
disease. The aim of the present study was to determine whether sex differences are also observed
following LGE using specific assays to assess pain and anxiety-like behaviors.
3.1.2. Methods
Male and female C57BL/6J mice were obtained from Jackson Labs. Under isoflurane, a unilateral
LGE was performed, excising either the left extraorbital gland (single LGE), or both the extraorbital and
intraorbital glands (double LGE). For sham surgeries, incisions were made to partially expose both the
extra- and intraorbital glands. Ongoing pain was assessed by quantifying the palpebral opening
(squinting). Topical anesthetics were applied to determine the contribution of sensory afferents to
alterations in palpebral opening. Responses to TRPV1 and TRPM8 agonists were examined using corneal
application of capsaicin and menthol. Anxiety and pain-suppressed behavior were assessed in the plus
maze and open field chambers.
3.1.3. Results
Single LGE caused a reduction in palpebral opening only in female mice, while double LGE
decreased palpebral opening in both sexes. The reduction in palpebral opening was rescued by topical
anesthetics. Female mice with single LGE showed an increase in capsaicin-induced eye swiping behavior
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compared to all other treatment groups. Corneal application of menthol did not induce a nocifensive
response in any of the treatment groups. Evaluation of mice following elevated plus maze showed
increased anxiety-like behavior for double LGE for both sexes and single LGE for females only.
Exploratory behaviors were reduced for both male and female mice after double LGE, while single LGE
reduced open field behaviors only in female mice.
3.1.4. Conclusions
These results indicate a sex-specific difference in response to aqueous tear deficiency produced by
LGE, with female animals displaying greater signs of irritation, pain, and anxiety. Pain- and anxiety-like
behaviors in dry eye provide important preclinical endpoints that can be utilized when investigating the
value of potential therapeutic interventions.
3.2. Introduction
Dry eye disease (DED) is marked by the sensation of ocular dryness and irritation, information
conveyed to the brainstem through the activation of corneal primary afferent neurons (Kurose & Meng,
2013). The ability of corneal afferents to sense potentially damaging stimuli and monitor ocular dryness
both protects the eye and regulates the ocular tear film by controlling reflexive secretions and blinking
(Dartt, 2009; Tiffany, 2008). Additional signs of DED include a reduction in tear volume, tear film
instability, increased tear osmolarity, inflammation and damage to the ocular surface, yet the sensation
of ocular pain is perhaps the most consistent finding, which if left untreated may lead to non-ocular
comorbidities such as anxiety and depression (Li et al., 2011; Tian et al., 2009; van der Vaart et al., 2015;
Wan et al., 2016).
Aqueous tear deficiency, a form of dry eye caused by insufficient tear production from the
lacrimal glands, has been modeled in the rodent through excision or otherwise disrupting the function of
the lacrimal glands. Lacrimal gland excision (LGE) has been demonstrated to sensitize corneal
polymodal nociceptive neurons to the TRPV1 agonist capsaicin and low pH induced by CO2, and sensitize
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corneal cold cells to the TRPM8 agonist menthol (Bereiter et al., 2018; Kovács et al., 2016; Meng et al.,
2015; Meng & Kurose, 2013). Furthermore, LGE-induced plasticity in corneal afferents includes an
increase in co-expression of TRPM8 and TRPV1, which is matched by a greater proportion of cold
responsive corneal afferents that are activated by noxious heat after LGE (Hatta et al., 2019). The
sensitization of polymodal corneal afferents is consistent with the increased eye wipe response
observed after LGE in response to hypertonic saline in male rats (Bereiter et al., 2018; Meng et al.,
2015). In addition, unilateral LGE increased mechanical sensitivity and spontaneous blinking in the
ipsilateral compared to contralateral eye in male rats. Of note, the increase in spontaneous blinks, a
possible sign of ongoing ocular pain, was reduced by the topical anesthetic proparacaine (Meng et al.,
2015). In the guinea pig, LGE also increased blinking evoked by a low concentration of menthol (Kovács
et al., 2016).
A recent comparison of female and male rats found that LGE resulted in greater signs of corneal
damage and produced a greater increase in blink rates in female rats (Skrzypecki et al., 2019).
Consistent with these results, a significant sex difference has been reported in the inflammatory
response to LGE in male and female mice. Despite producing a comparable reduction in tear volume in
male and female mice, LGE caused greater immune cell infiltration and corneal epithelial cell apoptosis
in female compared to male mice (Mecum et al., 2019). These results are consistent with
epidemiological reports that DED is more prevalent in women compared to men.
Sex differences have also been reported in nerve regeneration and wound healing in a mouse
model of corneal injury. Following corneal epithelial cell debridement, female mice had a faster rate of
nerve regeneration compared to males, although most strains of female mice showed a slower rate of
healing (Pham et al., 2019). The present study compared corneal sensitivity and innervation in male and
female mice using LGE to produce chronic aqueous tear deficiency. Given the high comorbidity of
anxiety with DED, the ability of LGE to affect anxiety related behaviors was also examined.
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3.3. Methods
3.3.1. Animals
Male and female C57BL/6J mice aged 8-10 weeks were obtained from Jackson Labs (Bar Harbor,
ME, USA). In order to examine corneal innervation following LGE, the Nav1.8-cre mouse generated by
John Wood (University College London, UK) and rederived from mice with a C57/B6 background
generously provided by Sulayman D. Dib-Hajj (Yale University, New Haven, CT) were bred with the
reporter mouse B6.Cg-Gt(ROSA)26Sortm14(CAG-tdTomato)Hze/J (Jackson labs, stock #007914). These
Nav1.8-cre;tdTomato mice exhibited robust labeling of corneal afferents, including stromal nerve
bundles, subbasal nerve plexus, and free nerve endings (Figure 6A). Animals were housed in a
controlled 12hr light/dark cycle with free access to food and water and treated according to the policies
and recommendations of the National Institutes of Health guidelines for the handling and use of
laboratory animals. All procedures were approved by the Institutional Animal Care and Use Committee
at the University of New England.
3.3.2. Surgical Procedure
Surgeries were performed as previously described (Mecum et al., 2019). Briefly, under
isoflurane anesthesia a unilateral lacrimal gland excision was performed, excising either the left
extraorbital gland (single LGE), or both the extraorbital and intraorbital glands (double LGE). In this
manner, the effects of a graded reduction in tears could be examined by comparing single LGE animals
to double LGE animals (Mecum et al., 2019). For sham surgeries, incisions were made to partially
expose both the extra- and intraorbital glands.
3.3.3. Palpebral Opening
As an indicator of ongoing irritation, eye closure (squinting) was measured using a ratio
consisting of the height of the gap between the upper and lower eyelids and the distance separating the
two canthi. Mice were placed onto an elevated platform (4”Lx4”Wx3”H) and allowed to habituate for 2
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minutes. A video camera was mounted at the same height as the elevated platform and mice were
recorded for 5 minutes following habituation. During video playback, snapshot photos were taken that
showed the mouse eye perpendicular to the camera shot. Using ImageJ software, a measurement was
taken to determine the distance between the upper and lower eyelid (y) as well as the distance
separating the canthi (x). From these values, the y/x ratio was calculated to determine the eye closure,
which was used to compare between animals.
Eye closure was examined after the ocular application of the TRPM8 agonist menthol (100200µM) and the topical anesthetics tetracaine hydrochloride, oxybuprocaine hydrochloride, and
proparacaine hydrochloride. After taking baseline measurements, solutions were applied to the eye
(10µl) using a micropipette. Mice were placed on the raised platform and videotaped at 1-, 5-, 10-, 20-,
and 30-minutes post-drug application.
3.3.4. Eye Wipe Behavior
Eye wipe behavior was quantified after application of the TRPV1 agonist capsaicin and menthol.
After pipetting 10µl of 0.1% capsaicin or 200µM menthol directly into the eye, animals were placed in a
shallow dish and recorded for 2 min with a camera placed directly overhead. Videos were played back
at 0.2x speed for quantification of evoked wiping behavior. Eye wipes consisted of forepaw wiping
directed toward the eye in which drug was applied. Normal facial grooming behavior was not included.
No hind paw scratching was observed after capsaicin or menthol application.
3.3.5. Locomotor Activity
Locomotor activity and rearing behavior was measured in open field chambers (10.5”Lx10.5”W
chamber E63-12, Tru Scan Activity System, Coulbourn Instruments, MA, USA). Mice were acclimated to
the room for one hour before being placed into the locomotor chamber for 15 minutes. Total distance
traveled in the arena, total time spent rearing, and numbers of rears was automatically calculated by the
software calibrated for mouse settings.
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3.3.6. Elevated Plus Maze
The elevated plus maze apparatus consisted of two open arms (20”Lx4.5”Wx20.5”H from floor)
and two enclosed arms (20”Lx4.5”Wx36”H from floor) with a connecting central platform. The mouse
was acclimated to the room for one hour before being placed into the center portion of the apparatus
and recorded for 15 minutes by a video camera mounted above the apparatus. Time spent in each arm
was then manually calculated from the videos using timers. Ambient light used to illuminate the room
but not enough to engender photophobia.
3.3.7. Drugs
Capsaicin solution was made by first adding 0.01g of capsaicin (Sigma) to 150μl of 100% ethanol.
Separately, 850μl of Tween 20 was mixed with 9.0ml of artificial tears. The capsaicin/ethanol solution
was then slowly added to the Tween 20/artificial tears while vortexing, giving a final solution of 0.1%
(3.3mM) capsaicin in 1.5% EtOH and 8.5% Tween 20 (Gallar 1990; Karai 2004; Neubert 2008). Artificial
tears consisted of 106.5mM NaCl, 26.1mM NaHCO3, 18.7mM KCl, 1.0 mM MgCl2, 0.5mM NaH2PO4,
1.1mM CaCl2, 10mM HEPES, pH 7.45. A stock solution of menthol (10mM) was made from 0.156g of
menthol (Sigma) in 60ml artificial tears and 40ml of 100% ethanol. Working solutions of 100 and 200µM
were made by diluting the stock solution with artificial tears (Kurose 2013, Acosta 2014; Kovacs 2016).
Tetracaine hydrochloride (USP 0.5%, NDC-24208-920-64, Bausch Lomb, NY, USA) and
proparacaine hydrochloride (USP 0.5%, NDC-0404-7199-01, Henry Schein, NY, USA) were purchased as
ophthalmic solutions. Oxybuprocaine hydrochloride (0.4%, B9050, Sigma, MO, USA) was dissolved in
artificial tears.
3.3.8. Tissue Preparation
One, two, and four weeks after sham or single LGE, Nav1.8-cre;tdTomato mice were euthanized
with Euthasol (NDC-051311-050-01, Virbac, TX, USA), followed immediately by enucleation of the left
eye and fixation in 10% formalin for 15 min. Corneas were then excised along the corneal rim and quick
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fixed again for 15 min in formalin. The fixing process was followed by three ten-min washes in 0.1M
phosphate buffered saline (PBS) to remove excess debris from the dissection. Whole corneas were
mounted on a slide after cutting out two small pie slices, using a DAPI containing mounting medium.
3.3.9. Image Analysis
Corneal nerve images were taken using a Keyence BZ-X700 microscope with a CFI Plan Fluor 40x
objective. Nerve fibers labeled with tdTomato fluorescent protein were viewed at an emission
wavelength of 570-640 nm. PGP9.5 labelled neurons were viewed at an emission wavelength of 500550 nm. Five areas of interest, one in the central cornea and four in the surrounding region, were
imaged (Figure 6A). Z-stack photos were taken at each area of interest to encompass both the subbasal
nerve plexus and free nerve endings layers. All images were acquired using the same exposure settings.
ImageJ software (version 2.0.0) was used to perform image analysis. Each z-stack was separated into
two layers, one encompassing the subbasal nerve plexus and the other including only the free nerve
endings.
Each stack was max projected using max intensity, followed by background subtraction. Auto
thresholding using “Otsu dark” was utilized unless the threshold was calculated under to be less than 10
(10,255). Each image was then converted to a mask and Sholl analysis was applied. Sholl analysis was
applied to quantify differences in the morphology and density of small diameter afferent neurons
innervating the cornea. The intersections of nerve fibers and seven concentric circles, 100µm apart,
were counted with ImageJ (Figure 6B-C).
3.3.10. Statistics
Quantitative are expressed as mean ± SEM. After it was determined that data conformed to a
normal distribution with equal variances, multiple group means were compared using either one- or
two-way ANOVAs with Tukey’s post hoc test if an overall significance was found. Values of p < 0.05
were considered to be statistically significant.
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3.4. Results
3.4.1. Lacrimal Gland Excision Reduces Palpebral Opening
Previous studies in rats showed that LGE increased the rate of blinking ipsilateral to the side of
excision (Meng et al., 2015). In the mouse, however, clear blinking behavior was difficult to quantify
since the response to LGE was to squint rather than blink. In order to quantify this squinting behavior,
palpebral opening was measured by using a ratio consisting of the height of the gap between the upper
and lower eyelids and the distance separating the two canthi (Figure 1A). Using naïve male and female
C57BL/6J mice, the value for the palpebral opening ratio was determined to be 0.801±0.01 (n=8),
denoted as a dashed line in Figure 1B.
An examination of palpebral opening two-weeks after LGE in female and male animals found a
significant effect of both sex and surgery (2-way ANOVA, Table 1). Sham surgery did not affect the mean
palpebral opening in female and male mice (0.794±0.007 and 0.809±0.008, respectively, Figure 1B),
which was similar to values recorded in naïve animals. Following single LGE, female mice had a
significant reduction in palpebral opening compared to sham treated mice (Figure 1B, p<0.001), whereas
palpebral opening in male mice did not differ from sham controls (Figure 1B, p>0.05). Post hoc analysis
also revealed a difference between female and male mice after single LGE (0.657±0.036 versus
0.801±0.011, p<0.001, Figure 1B). Double LGE produced a comparable reduction in palpebral opening in
both female and male mice (0.556±0.03 and 0.552±0.024, respectively, Figure 1B).
A comparison of the palpebral opening between the eye ipsilateral to surgery and the
contralateral eye indicated a significant effect of both surgery treatment and side (ipsi/contra) in female
and male mice (2-way ANOVA, Table 1). On the side contralateral to surgery, the palpebral opening was
similar between sham controls, single LGE, and double LGE in both female and male mice (Figure 1C and
1D). In the ipsilateral eye, single and double LGE caused a significant reduction in palpebral opening in
female mice when compared to the contralateral eye (Figure 1C). In contrast, only double LGE reduced
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the palpebral opening in male mice when compared to the contralateral eye (Figure 1D). Furthermore,
double LGE produced a greater reduction in palpebral opening when compared to single LGE in both
female and male mice (Figure 1C and 1D).
Table 2. Two-way ANOVA Statistical Analysis
Table 2. Results from Two-way ANOVA Statistical Analysis for All Data Sets.
Sex (male/female)

Surgery

Interaction

Figure #

Measurement
(units)

dfn,
dfd

F

p

dfn,
dfd

F

p

dfn,
dfd

F

P

Figure 1B

Palpebral
opening

1, 66

7.224

<0.0091

2, 66

59.69

<0.0001

2, 66

5.977

<0.0041

Figure 3A

Eye wipe

1, 64

7.674

<0.0073

2, 64

3.074

<0.0473

2, 64

4.039

<0.00223

Figure 3B

Palpebral
opening

1, 66

5.539

<0.0216

2, 66

3.687

<0.0304

2, 66

1.989

<0.1449

Figure 5A

Center Time (s)

1, 98

17.24

<0.0001

2, 98

3.630

<0.0301

2, 98

3.988

<0.0216

Figure 5B

Peripheral
Time (s)

1, 98

12.79

<0.0005

2, 98

2.539

<0.0841

2, 98

2.919

<0.0587

Figure 5C

Center
Distance (cm)

1, 98

7.839

<0.0062

2, 98

2.979

<0.0555

2, 98

2.745

<0.0692

Figure 5D

Center Entries

1, 98

13.73

<0.0003

2, 98

3.759

<0.0267

2, 98

2.960

<0.0565

Figure 6B

Time open
arms (%)

1, 93

9.433

<0.0028

2, 93

11.63

<0.0001

2, 93

1.843

<0.1640

Figure 6C

Time closed
arms (%)

1, 93

6.863

<0.0103

2, 93

19.3

<0.0001

2, 93

1.718

<0.1851

Figure 7B

Sholl
intersections

1, 24

1.681

<0.2071

1, 24

3.092

<0.0914

1, 24

0.1292

<0.7225

Figure 7B

Sholl
intersections

1, 24

0.2858

<0.5978

1, 24

1.171

<0.2900

1, 24

0.2024

<0.6568

Figure 7C

Pixel density
(subbasal)

1, 24

3.842

<0.0648

1, 24

0.6278

<0.4379

1, 24

2.072

<0.1663
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Table 2. Continued
Figure 7C

Pixel density
(free nerve)

1, 24

0.002819

<0.9581

1, 24

Side (ipsi/contra)

0.8080

<0.3777

1, 24

Surgery

0.1608

<0.6920

Interaction

Figure 1C

Palpebral
opening

1, 66

18.65

<0.0001

2, 66

15.546

<0.0001

2, 66

5.639

<0.0055

Figure 1D

Palpebral
opening

1, 66

38.97

<0.0001

2, 66

64.81

<0.0001

2, 66

41.81

<0.0001

The two independent factors included surgery (sham, single lacrimal gland excision, double lacrimal gland excision) and either
sex (male, female) or side (ipsi- or contralateral to side of surgery). Dfn, degrees of freedom numerator; dfd, degrees of
freedom denominator; F, F statistic; p, p-value.
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Figure 3.1.

Figure 3.1. Palpebral Opening Measurements Following Lacrimal Gland Excision in Female and Male
Mice. A. Representative photos showing an eye from a sham animal (left) and one from an animal
following double LGE. The palpebral opening was calculated as the ratio Y/X. B. Single LGE caused a
significant reduction in palpebral opening only in female mice compared to males, whereas double LGE
produced comparable reductions in the palpebral opening. C. In female mice, both single and double
LGE resulted in a significant reduction in palpebral opening in the eye ipsilateral to gland excision. D. In
male mice, only double LGE caused a significant reduction in palpebral opening on the side ipsilateral to
gland excision. Dashed line represents naïve palpebral opening score. n = 12/treatment group. * p <
0.05, ** p < 0.01.

3.4.2. Topical Anesthetics Reverse the Effect of LGE on Palpebral Opening
The contribution of persistent corneal afferent activity in driving the decrease in palpebral
opening was examined using the application of topical anesthetics to the eye. After taking a baseline
measurement, palpebral opening was recorded following sterile saline or three common corneal topical
anesthetics. A significant effect of treatment was found for all three anesthetics (1-way ANOVA, Table
2), with each drug displaying a distinct time-course of action (Figure 2). Tetracaine produced a peak
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effect on palpebral opening at one-minute post-application before rapidly declining (Figure 2A), whereas
proparacaine displayed a maximal effect after 5 minutes (Figure 2B). For both compounds, palpebral
opening was no longer elevated compared to baseline values within 10 min. In contrast, oxybuprocaine
displayed a slower onset of action, producing a peak effect at 10 min post-application. Values remained
elevated at the 20 min time point, giving oxybuprocaine the longest duration of action of the three
compounds. Application of sterile saline did not affect palpebral opening (Figure 2D).
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Figure 3.2.

Figure 3.2. The Effect of Topical Anesthetics on Palpebral Opening in Double Lacrimal Gland Excision
Treated Animals. Corneal application of A. tetracaine, and B. proparacaine increased the palpebral
opening for 5 min before returning to baseline values. C. Corneal application of oxybuprocaine
produced a more prolonged anesthesia, with the palpebral opening returning to baseline after 30 min.
D. Corneal application of artificial tears had no effect on eye closure 5 minutes post application. a
represents p < 0.0001 compared to baseline. b represents p < 0.0001 compared to artificial tears. BSL,
baseline. n = 6 for each drug treatment group (3 females, 3 males). Dashed line represents naïve
palpebral opening score. * p < 0.05, ** p < 0.01, *** p < 0.001.
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Table 3. One-way ANOVA Statistical Analysis
Figure
2A
2B
2C
2D
4A
4B
4C
4D
4E
4F

Units
Palpebral Opening
Palpebral Opening
Palpebral Opening
Palpebral Opening
Total Distance (cm)
Total Distance (cm)
Vertical Rears
Vertical Rears
Vertical Rear Time
(s)
Vertical Rear Time
(s)

F (DFn, DFd)
(5, 5)
(5, 5)
(5, 5)
(4, 27)
(2, 51)
(2, 47)
(2, 51)
(2, 47)
(2, 51)

F
67.19
15.08
11.13
60.25
6.784
5.146
5.179
4.419
6.899

P
<0.0001
<0.0048
<0.0065
<0.0001
<0.0024
<0.0095
<0.0090
<0.0174
<0.0022

(2, 47)

5.719

<0.0061

3.4.3. Sensitivity to Corneal Capsaicin Following LGE
Eye wipe behaviors to 0.1% capsaicin was used to examine the effect of LGE on the response to
TRPV1 receptor activation. Following application of capsaicin to the eye, animals wiped using their
forepaws, indicative of a nocifensive response (Shimada & LaMotte, 2008). A comparison of treatment
group means found an overall significance of sex and surgery, along with a significant interaction
between the two (2-way ANOVA, Table 1). Capsaicin evoked similar numbers of eye wipes in female and
male sham treated mice. In female mice, however, capsaicin evoked a greater number of eye wipes in
single LGE animals when compared to sham and double LGE treatment groups (Figure 3A). Surprisingly,
eye wipe behaviors after double LGE were no different from sham control animals. In male mice,
neither single nor double LGE affected the number of capsaicin-evoked eye wipes (Figure 3A).
3.4.4. Sensitivity to Corneal Menthol Following LGE
Previous studies have demonstrated LGE-induced sensitization of corneal cool cells to the
TRMP8 agonist menthol (Kurose & Meng, 2013), yet the behavioral response to menthol after LGE has
not been tested. Application of topical corneal menthol (100 and 200μM) did not elicit an eye wipe
response in either female or male animals after single or double LGE. An analysis of palpebral opening 5
min after menthol application indicated a significant effect of sex and surgery (2-way ANOVA, Table 1).
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Similar to the results with capsaicin-evoked eye wipes, a reduction in palpebral opening was found only
in female mice after single LGE (Figure 3B).
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Figure 3.3.

Figure 3.3. Ocular sensitivity to corneal application of capsaicin and menthol. A. The number of
nocifensive eye wipes after application of capsaicin was significantly greater only in female animals that
had undergone single LGE. N = 11-12/treatment group. B. After a baseline measurement, the palpebral
opening was quantified 5-min post application of menthol. Menthol caused a decrease in the palpebral
opening only in female mice with single LGE. n = 12/treatment group. * p < 0.05, ** p < 0.01.
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3.4.5. Lacrimal Gland Excision Reduces Locomotion and Rearing in the Open Field
Ongoing pain has been demonstrated to effect open field behaviors, observed as a suppression
of locomotor activity and a reduction in rearing behavior (Cho et al., 2013; Edelmayer et al., 2012).
Exploratory behaviors were monitored for 15 minutes 2-weeks after sham, single LGE, or double LGE. A
comparison of total distance traveled showed a significant effect of treatment in both female and male
mice (1-way ANOVA, Table 2). Post-hoc analysis revealed a reduction in the total distance traveled after
double LGE when compared to sham controls (Figure 4A & B, p<0.01).
A significant treatment effect was also found in the total number of rears and time spent rearing
(1-way ANOVA, Table 2). In female mice, the number of rears was reduced after both single and double
LGE when compared to sham controls (Figure 4C, p<0.05). Only double LGE reduced rearing in male
mice (Figure 4D, p<0.05). Consistent with the reduction in number or rears, the time spent rearing was
also reduced by single and double LGE in female mice (Figure 4E, p<0.01), and by only double LGE in
male mice (Figure 4F, p<0.01).
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Figure 3.4.

Figure 3.4. Locomotor Activity Following Lacrimal Gland Excision. A, B. Total distance traveled (cm) in
female and male mice. Double LGE decreased the distance traveled in both female and male mice
compared to sham treated controls. C, D. Total number of vertical rears in female and male mice. In
female mice, single and double LGE caused a significant reduction in total rears compared to sham
controls. In male mice, only double LGE decreased the number of rears. E, F. Total vertical rearing time
(s) for female and male mice. In female mice, single and double LGE caused a significant drop in vertical
rearing time compared to sham. In male mice, only double LGE caused a significant drop in vertical
rearing time compared to sham. n = 16-18/treatment group. * p < 0.05, ** p < 0.01.
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Figure 3.5.

Figure 3.5. Locomotor Activity Following Lacrimal Gland Excision Alternative Endpoints. A. Center time
(s) in female and male mice. Double LGE decreased time spent in center for male mice only. Female
mice spent more time in the periphery regardless of surgery. B. Peripheral time (s) in female and male
mice. Double LGE increased time spent in periphery for male mice only. C. Center distance (cm) traveled
for female and male mice. Double LGE decreased center distance for male mice only. D. Center entries
in female and male mice. Double LGE decreased center entries for male mice only. n = 16-18/treatment
group. * p < 0.05, ** p < 0.01; # compared to sham of that sex; t compared to single LGE of that sex.

3.4.6. Lacrimal Gland Excision Increases Open Arm Time in the Elevated Plus Maze
Reduced activity and rearing behavior in the open field are often indicative of increased anxiety
(Rodgers & Dalvi, 1997; Walf & Frye, 2007). The elevated plus maze was used to further examine the
potential anxiogenic effects of LGE. Animals were free to explore the elevated plus maze apparatus for
5 min, as shown by the representative activity traces of a sham and double LGE treated mouse (Figure
5A). A comparison between the different treatment groups of the time spent in the open arms and the
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time spent in the closed arms indicated a significant effect of both surgery and sex (2-way ANOVA, Table
1).
For female mice, both single and double LGE significantly reduced the percent of time spent in
the open arms and increased the percentage of time spent in the closed arms compared to sham
treated animals (Figure 5B&C). For male mice, only double LGE caused a significant decrease in the
percent of time spent in the open arms, with a corresponding increase in the percent of time spent in
the closed arms (Figure 5B&C). After single LGE, there was a significant effect of sex in the difference in
open and closed arm times (Figure 5B&C).
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Figure 3.6.

Figure 3.6. The Effect of Lacrimal Gland Excision on Elevated Plus Maze Behavior. A. Representative
examples of elevated plus maze activity in a sham mouse (left) and in a double LGE treated mouse
(right). O, open arms; C, closed arms. B. Percentage of time female and male mice spent in the open
arms. Single and double LGE decreased the time female mice spent in the open arms compared to
female sham animals. In mice, only double LGE caused a significant decrease in open arm time. C.
Percentage of time female and male mice spent in the closed arms. Single LGE increased time in the
closed arms only in female mice, whereas double LGE increased time spent in the closed arms in both
female and male mice. n = 17-18/treatment group. * p < 0.05, ** p < 0.01, *** p < 0.001; # compared to
sham of that sex; t compared to single LGE of that sex.
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3.4.7. Corneal Innervation
Decreased or aberrant nerve innervation has been used as an indicator of DED. Using Nav1.8cre:tdTomato mice, corneal innervation was investigated and analyzed using sholl and pixel analysis.
Robust labeling of nerve fiber innervation was present (Figure 6A) in the cornea for the subbasal and
free nerve endings. To quantify corneal nerve innervation, concentric rings were placed onto each image
and averaged across the corneas for each group (Figure 6B). At 2-weeks following LGE, there was no
significant difference in subbasal nerve sholl intersections quantified for either male or female mice in
sham or single LGE. At 2-weeks following LGE, there was no significant difference in free nerve ending
sholl intersections quantified for either male or female mice in sham or single LGE (Figure 6B). Using a
trainable segmentation program, a pixel quantification methodology showed the same results as the
sholl analysis whereas there was no significant difference in subbasal or free nerve ending quantification
post-surgery (Figure 6C).
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Figure 3.7.

Figure 3.7. Labeling of Corneal Afferents Using Nav1.8-cre;tdTomato Mice. Corneal innervation two
weeks after sham and single LGE in male and female Nav1.8-cre;tdTomato mice. A. Representative
image of the cornea showing nerve innervation for different areas of the cornea as well as layers
including subbasal and free nerve endings. Whole cornea scale bar represents 300μM. Subbasal and free
nerve ending scale bar represents 20μM. B. Representative images of the concentric rings placed onto
the corneal images for use in the sholl analysis for the subbasal layer. (40x image, scale bar 20μM) C.
The number of sholl intersections for the subbasal nerves in sham and single LGE male and female mice.
D. Representative images of the concentric rings placed onto the corneal images for use in the sholl
analysis for the free nerve endings. (40x image, scale bar 20μM). E. The number of sholl intersections for
the free nerve endings in sham and single LGE male and female mice. n = 6-8/treatment group.
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3.5. Discussion
In a previous study, signs of corneal inflammation and epithelial cell damage were shown to be
greater in female compared to male mice after the unilateral excision of either the extraorbital lacrimal
gland (single LGE) or the extraorbital and intraorbital lacrimal glands (double LGE) (Mecum et al., 2019).
In the present study, signs of ocular pain and anxiety related behaviors were examined two weeks after
single and double LGE in male and female mice. Compared to male mice, single LGE in female mice
produced greater signs of ocular pain and sensitivity, as measured using palpebral opening and reactions
to corneal application of capsaicin and menthol. Likewise, single LGE in female mice increased anxiety
related behaviors in the open field and plus maze. Double LGE induced comparable changes in corneal
sensitivity and anxiety related behaviors in female and male mice. The increase in corneal sensitivity in
female mice after single LGE was not accompanied by alterations in corneal nerve innervation density or
morphology.
Persistent ocular pain after LGE has been previously explored in the rat after LGE by quantifying
the rate of spontaneous eye blinks. In male rats, a persistent increase in the rate of blinking has been
reported over the course of up to 8 weeks after LGE (Dauvergne & Evinger, 2007; Henriquez & Evinger,
2007; Kaminer et al., 2011; Kurose & Meng, 2013; Meng et al., 2015). A recent report comparing male
and female rats found a greater increase in blink rate in female rats after both single and double LGE
(Skrzypecki et al., 2019). While rats demonstrate clear and easily quantifiable blinking behavior after
LGE, mice displayed a consistent squinting of the eye ipsilateral to the excision rather than distinct eye
blinks. In a previous study in rabbits palpebral opening was used to determine eye closure after
application of capsaicin. A modification of this method allowed for the measurement of eye closure as
an indication of ongoing pain after LGE in the present study. Single LGE produced a reduction in
palpebral opening only in female mice, which is consistent with the greater corneal damage observed in
female mice 2-weeks after single LGE. However, although double LGE produced greater signs of corneal
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damage and inflammation in female mice (Mecum et al., 2019), the reduction in palpebral opening was
similar between females and males. This similarity in the reduction of palpebral opening despite the
differences in corneal damage might not reflect different pain levels, but rather could indicate that
palpebral opening does not correlate with the degree of pain when the injury is severe.
Although previous studies have shown that unilateral corneal injury can produce bilateral effects
on corneal innervation, immune cells, and cytokines (Hamrah et al., 2010, 2013; Lee et al., 2019), the
reduction in palpebral opening after unilateral LGE was restricted to the side ipsilateral to the excision.
This result is similar to the ipsilateral increase in blinking observed in the rat after LGE (Bereiter et al.,
2018; Kaminer et al., 2011; Meng et al., 2015; Toshida et al., 2007) and suggests that unilateral LGEinduced cornea injury mainly affects ongoing sensitivity on the ipsilateral cornea. A systematic
evaluation of the contralateral cornea after LGE that includes testing mechanical and chemical
sensitivity has not yet been performed.
The effect of three different topical anesthetics on palpebral opening were examined, allowing
for a comparison of anesthetic strength, onset, and duration. A previous report in rats with LGE-induced
dry eye found that proparacaine suppressed the blink rate, returning to baseline levels by 25 min after
application (Meng et al., 2015). Proparacaine’s duration of action on palpebral opening in the mouse
was similar, peaking at 5 min after application with a return to baseline by 20-30 min. A comparison of
the duration of action between tetracaine, proparacaine, and oxybruprocaine found that oxybuprocaine
increased palpebral opening for the longest duration (20 min), although its onset appeared to be
somewhat delayed. In contrast, tetracaine had a peak effect at 1 min post application, with palpebral
opening returning to baseline values by 10 min. Previous studies comparing these three anesthetics
have used ophthalmically normal animals and assessed corneal anesthesia using mechanically-evoked
reflexes. In these studies, tetracaine and oxybruprocaine had a similar duration of action, and
tetracaine had a slightly longer duration of action when compared to proparacaine. In all cases,
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however, significant anesthesia was still present at 20 min, indicating that these compounds have a
longer lasting anesthetic effect in ophthalmically normal eyes when compared to testing performed in
dry eye animals. The shorter duration of action for these topical anesthetics in the dry eye animal could
be due to a low pH environment, or to differences in the sensitivity of corneal afferents that drive the
reduction in palpebral opening versus a mechanical-stimulation evoked response.
Eye wipe behaviors are a common nocifensive response that has been used to assess corneal
sensitivity to noxious stimuli. Previous studies have shown an increase in eye wipe behaviors following
LGE in male rats in response to hypertonic saline and capsaicin (Bereiter et al., 2018; Meng et al., 2015).
In contrast to these results, Hegarty et al. (Aicher et al., 2015) found no changes in capsaicin eye wipe
behaviors lacrimal gland denervation in the male rat. This result is similar to our findings in the male
mouse 2-weeks post LGE. In female mice with single LGE, however, we found a greater capsaicinevoked eye wipe response, suggesting the sensitization of TRPV1 expressing afferents, despite the
absence of morphological changes and innervation density in this treatment group.
In addition to increased eye wipe behavior, hypertonic saline and capsaicin evoked orbicularis
oculi muscle activity (OOemg) were increased in rats following LGE (David A. Bereiter et al., 2018). The
hypertonic-saline evoked OOemg activity was blocked by TRPV1 antagonists and partially attenuated by
a TRPM8 antagonist. TRPM8 has been implicated in dry eye pain, yet TRPM8 activation has not been
shown to elicit eye wipe behaviors in the rat (Bereiter et al., 2018) or mouse (Robbins et al., 2012),
including in the present study. Eye wipe behaviors in response to TRPM8 activation were also not
observed in the rat after LGE, consistent with our observations in the LGE mouse.
Corneal cold cells function to sense changes in ambient temperature and regulate basal tearing
and blinking accordingly, without evoking nociceptive responses (Parra et al., 2010; Robbins et al.,
2012). In tear deficient animals, corneal cold cells become sensitized to cooling (Kurose & Meng, 2013a;
Piña et al., 2019) and have been proposed to be responsible at least in part for the irritation or pain

67

caused by dry eye (Kovács et al., 2016). The TRPM8 agonist menthol (200 µM) has been shown to
increase OOemg activity to a similar degree in both control and LGE rats (David A. Bereiter et al., 2018),
whereas 100µM menthol had no effect in either group. In contrast, in the guinea pig 100µM menthol
increased blinking in LGE but not control animals, suggesting an increased sensitivity of the cornea to
TRPM8 after LGE. This result is consistent with our finding that single LGE decreased palpebral opening
in female mice. The absence of any measurable change in palpebral opening after menthol application
in double LGE animals is likely the result of a floor effect caused by the high degree of squinting
produced by the LGE.
On-going pain has been assessed using several different paradigms, including observations of
pain suppressed behaviors such as reductions in locomotor activity and wheel running (Tappe-Theodor
et al., 2019). The total distance traveled and number of rearings in the open field have been shown to be
accurate indicators of pain intensity, comparable to reflex-based pain tests, and reversible with NSAID
and morphine analgesics (Cho et al., 2013). The suppression of total distance traveled and rearing
behavior after LGE are consistent with these findings and could be indicative of ongoing ocular pain. It is
also possible that the reduction in open field activity is related to an increase in anxiety, which is where
the open field test is most often utilized (Carola et al., 2002; Seibenhener & Wooten, 2015).
Pain is often accompanied, and can be exacerbated, by co-morbidities such as anxiety. Human
studies have shown a positive correlation between DED severity and symptoms of anxiety (Galor et al.,
2016; Kitazawa et al., 2018; Wan et al., 2016; Ward et al., 2019). While there have been some reports of
increased signs of anxiety in chronic pain models, other reports have not found a significant effect of
pain on anxiety measures. Using the elevated plus maze, single LGE reduced open arm time only in
female mice, whereas double LGE decreased open arm time in both female and male mice. The increase
in anxiety in female mice after single LGE is consistent with their greater signs of ongoing pain when
compared to male mice. Future studies designed to examine the effect of anxiolytic and analgesic
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compounds on the open field and plus maze behaviors after LGE will help to determine whether dry
eye-induced pain can be dissociated from the apparent signs of increased anxiety.
In summary, female mice were more susceptible to showing signs of corneal hypersensitivity
and anxiety than male mice with moderate dry eye induced by single LGE. These findings are consistent
with previous studies demonstrating greater corneal damage and inflammation in female mice after
LGE. Assessment of both pain and anxiety phenotypes after LGE can be useful in testing potential
treatments for dry eye pain.
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CHAPTER 4
INHIBITION OF CORNEAL NOCICEPTORS REDUCES PERSISTENT, ONGOING DRY EYE-INDUCED PAIN
4.1. Abstract
4.1.1. Purpose
Lacrimal gland excision (LGE) in mice produces a reduction in palpebral opening that can be
rescued by the corneal application of local anesthetics, suggesting the presence of persistent ongoing
pain. The aim of the present study was to investigate the presence of ongoing pain by studying realtime place preference induced by inhibition of Nav1.8 expressing corneal afferent neurons following
LGE.
4.1.2. Methods
The proton pump archaerhodopsin-3/EGFP (ArchT/eGFP,B6.Cg-Gt (ROSA)26Sortm40.1 (CAGaop3/EGFP)Hze/J) was conditionally expressed in corneal afferents using Nav1.8-cre mice. Dry eye was
produced by a unilateral LGE, with sham surgery used as a control. Place preference was assessed using
a 3-chamber apparatus. A neutral, unlit center chamber was flanked by one illuminated with a control
light source (wavelength=360-400nm) and one illuminated with an ArchT-activating light (560-610nm).
For conditioned learning, movement was tracked over three 10 min sessions with the lights turned on
only during the second session. Co-administration of the topical anesthetic lidocaine N-ethyl bromide
(QX-314, 0.5% w/v) and lidocaine (2% w/v) was used to examine the role of ongoing corneal afferent
activity in producing conditioned place preference. For real-time place preference, animals were placed
in the neutral chamber and movement was tracked over five 10 min sessions, with the lights turned on
during the second and fourth sessions.
4.1.3. Results
The corneal afferent subbasal nerve plexus and free nerve endings showed a robust EGFP signal
in ArchT/EGFP/Nav1.8-cre mice. Trigeminal ganglion sections had extensive EGFP labeled cell bodies co70

labeled with the c-fiber markers calcitonin gene-related peptide (CGRP) and isolectin B4 (IB4). After LGE,
ArchT/EGFP/Nav1.8-cre mice demonstrated a conditioned learning response, showing increased
preference for the ArchT-activating light paired chamber across the four days of training. A robust
conditioned place preference (CPP) could also be produced in after multiple sessions in single day. CPP
was prevented with pre-application to the cornea of the topical anesthetic QX-314 + lidocaine.
ArchT/EGFP/Nav1.8-cre mice with sham surgery and LGE wild-type control mice did not develop CPP.
4.1.4. Conclusions
These results indicate that LGE produces persistent, ongoing pain driven by Nav1.8 expressing
corneal afferents. Inhibition of these neurons is a potential strategy for treating the ongoing irritation
and pain associated with chronic dry eye.
4.2. Introduction
Dry eye disease (DED) is a multifactorial disease of the ocular surface often, but not always,
presenting with signs of inflammation and damage to the ocular surface (Hay et al., 1998; Vehof et al.,
2017). While the most common clinical presentations of DED include feelings of ocular discomfort,
irritation, and pain, both corneal hyperesthesia and hypoesthesia has been reported when assessing
corneal sensitivity in DED patients (Adatia et al., 2004; Bourcier et al., 2005; Li et al., 2013; Tuisku et al.,
2007; Xu et al., 1996). These somewhat contradictory observations suggest that spontaneous ongoing
corneal pain, rather than evoked pain, might be most relevant. Preclinical models of dry eye often
overlook assessment of corneal sensitivity, and typically involve evoked pain related behaviors rather
signs of ongoing pain.
In rodents, mechanical sensitivity of the cornea can be assessed by the presence of an evoked
response, consisting of blinking, eye retraction, or head movement, to the application of a calibrated
monofilament (Meng et al., 2015). Corneal sensitivity to noxious chemicals, such as capsaicin, or
hypertonic saline can be assessed by quantifying eye wipe behaviors (Chapter 3) (Bereiter et al., 2018;
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Gallar et al., 1990; Meng et al., 2015). Previous studies in the rat have shown increased mechanical
sensitivity after lacrimal gland excision (LGE)-induced dry eye (Meng et al., 2015). Furthermore, LGE
produced an increase in hypertonic saline-evoked eye wipe behaviors (Bereiter et al., 2018; Hatta et al.,
2019; Meng et al., 2015; Rahman et al., 2015). Consistent with these results, we have shown LGE in the
mouse caused an increase in nocifensive responses to chemical stimuli (capsaicin and menthol), which
was independent of corneal afferent innervation density (Chapter 3).
In contrast to evoked pain, spontaneous ongoing pain can be experienced in the absence of a
specific applied stimulus (A. K. Wan et al., 2018). Signs of spontaneous ongoing pain induced by LGE
have been shown in the rat through an increase in blink rate (Fujihara et al., 2001; Higuchi et al., 2012;
Higuchi et al., 2010; J. Kaminer et al., 2011; Meng et al., 2015), and in the mouse, through a decrease in
palpebral opening (Mecum et al., 2019). Both of these effects from LGE were reversed by the
application of topical anesthetics to the cornea, indicating that primary afferent nociceptors were
driving these behaviors.
The presence of increased blink rate or squinting (decreased palpebral opening) have been used
as signs of spontaneous ongoing pain, yet as brainstem motor reflexes they may not accurately reflect
the pain experience (Evinger et al., 2002; Kirkden and Pajor, 2006; Pellegrini et al., 1995). The affective
dimension of pain can be assessed by its ability to act as a teaching signal, producing a conditioned place
aversion when presented within a specific context (Johansen, Fields, & Manning, 2001). Similarly, relief
of pain in the presence of ongoing chronic pain can be detected by its rewarding properties and ability
to produce a conditioned place preference (King et al., 2009).
Previously, we utilized a Nav1.8-cre;tdTomato reporter mouse to investigate corneal afferent
nerve density changes following LGE (Chapter 3). Nav1.8-cre;tdTomato mice showed extensive labeling
of the corneal afferent subbasal nerve and free nerve terminals. In the present study, the Nav1.8-cre
mouse was used to conditionally express archaerhodopsin (ArchT), a light-driven outward proton pump.
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When genetically expressed in neurons, light activation of ArchT allows for silencing of neuronal activity
(Han et al., 2011). Using this approach, the rewarding effects of corneal afferent inhibition was
examined in tear deficient mice.
4.3. Methods
4.3.1 Animals
Animals. Male and female C57BL/6J mice aged 8-10 weeks were obtained from Jackson
Laboratory (Bar Harbor, ME, USA). In order to examine corneal innervation following LGE, Nav1.8-cre
mouse generated by John Wood (University College London, UK) were generously provided by Sulayman
D. Dib-Hajj (Yale University, New Haven, CT) and rederived from mice with a C57BL/6J background. In a
previous study, these Nav1.8-cre;tdTomato mice were shown to exhibit robust labeling of corneal
afferents, including stromal nerve bundles, subbasal nerve plexus, and free nerve endings (Chapter 3).
Ai40(RCL-ArchT/EGFP)-D (ArchT) mice were obtained from Jackson Laboratory and ArchT/EGFP was
conditionally expressed by crossing with Nav1.8-cre mice. Animals were housed in a controlled 12hr
light/dark cycle with free access to food and water and treated according to the policies and
recommendations of the National Institutes of Health guidelines for the handling and use of laboratory
animals. All procedures were approved by the Institutional Animal Care and Use Committee at the
University of New England.
4.3.2. Surgery
Surgeries to excise the lacrimal glands were performed as previously described (Mecum et al.,
2019). Briefly, under isoflurane anesthesia a unilateral lacrimal gland excision (LGE) was performed,
excising both the extraorbital and intraorbital glands. For sham surgeries, incisions were made to
partially expose both the extra- and intraorbital glands. Mice were tested 2-weeks after surgery.
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4.3.3. Tissue Processing
Animals were perfused with 4% paraformaldehyde (PFA) and corneas and trigeminal ganglia
were harvested. Corneas were post-fixed in PFA for 1 hour prior to mounting. Trigeminal ganglia were
post-fixed overnight in PFA and placed in 30% sucrose prior to cutting 12µm sections on a cryostat. For
immunohistochemistry, sections were briefly washed and then blocked with 5% normal donkey serum
(NDS) in phosphate buffered saline (PBS)-Triton-X for 1hr in a humidity chamber. Primary antibodies for
IB4 (1:200, I32450, 647 conjugated, ThermoFisher) and calcitonin gene-related peptide (CGRP) (1:750,
1720-9007, BioRad) were applied to the slides overnight at 4oC. After some brief washes with PBSTriton-X, secondary antibody (1:200, Alexa Fluor 568 anti-rabbit) was applied for one hour. Tissue was
then washed with PBS, 3 x 5 minutes and coverslipped using Vectashield mounting medium with DAPI
(Vector Labs, Burlingame, CA).
4.3.4. Imaging
Images of trigeminal ganglia sections were taken using a Leica DM 2500M microscope with a
Leica DFC 365FX camera at 40x magnification. Maximum intensity projections from widefield z-stacks
were taken with the Keyence BZ-X710 (Itasca, IL) using a Nikon fluorite corrected 40x/0.75 NA lens, 1.0
micron step size for corneal nerves.
4.3.5. Active Learning
A real-time active learning paradigm was performed using a 3-chambered apparatus (outside
chambers, 14cm x 23cm; inside chamber, 10cm x 13cm). The neutral center chamber was flanked by one
illuminated with a control LED light source (wavelength=360-400nm) and one illuminated with ArchTactivating LED light (560-610nm, 35-45lx). Animals were placed in a neutral box (one chamber gray
walls, one chamber horizontal black/white stripe walls; floors were same texture; no smells) and
movement was tracked over a 50 min session (EthoVision XT 11.5.1020, Noldus Information
Technology). The session was divided into five 10 min periods. The LED lights were off during the first,
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third, and fifth periods. The control and ArchT-activating LED lights were turned on during the second
period. In the fourth period, the LED lights were again turned on, but the wavelengths were switched so
that the chamber paired with the ArchT-activating light during the second period was illuminated with
the control light source.
4.3.6. Conditioned Learning
Conditioned learning over four consecutive days was assessed using a the same 3-chambered
apparatus as was used for the active learning paradigm. Animals were placed in a neutral box (one
chamber gray walls, one chamber horizontal black/white stripe walls; floors were same texture; no
smells) and movement was tracked over a 30 min session. The time was divided into three 10 min
periods, with the lights turned on during the second period. This sequence was repeated on four
consecutive days. In one study, co-application of the topical anesthetic lidocaine N-ethyl bromide (QX314, 0.5% w/v) and lidocaine (2% w/v) was applied to the cornea (20 µl) 3 min before the start of each
session to examine the role of corneal afferent activity in conditioned learning.
4.3.7. Palpebral Opening
Eye closure (palpebral opening) was measured using a ratio consisting of the height of the gap
between the upper and lower eyelids and the distance separating the two canthi as previously described
(Mecum et al., 2019). The effect of ArchT-activating light on palpebral opening was examined by placing
mice in an enclosed Plexiglas chamber (12cm x 12cm x 20cm) with transparent sides for 15 min. After a
5 min acclimation period, baseline palpebral opening was measured from 5 still images taken from video
over a 5 min period. Mice were then exposed to ArchT-activating light (35-45lx) for 10 minutes, with 5
still images taken during the final 5 min. Using the same chamber, palpebral opening was also used to
determine the duration of corneal anesthesia after co-application of QX-314 and lidocaine.
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4.3.8. Statistical Analysis
ArchT conditioned learning and ArchT conditioned learning with pre-application of QX-314 +
lidocaine were analyzed using repeated measures one-way ANOVAs with Tukey post-hoc for each day.
Interday trends were analyzed using repeated measures one-way ANOVAs with Holm-Sidak post-hoc
compared to the original baseline for each stimulation period. Topical drug application of anesthetics
was analyzed using a repeated measures one-way ANOVA with Tukey post-hoc compared to baseline
score for each drug. Baseline comparison of ArchT-sham, ArchT- LGE, and C5BL/6J-LGE were performed
using a two-way ANOVA with Tukey’s post-hoc. Comparison of ArchT-sham, ArchT-LGE, and C5BL/6J-LGE
were performed using a one-way ANOVA with Tukey’s post-hoc for each time period. Analyses were
performed using commercial software (GraphPad Prism 6; GraphPad Software, San Diego, CA, USA). All
results are expressed as mean ± SEM. Values of P < 0.05 were considered to be statistically significant.
4.4. Results
4.4.1. EGFP is Heavily Expressed in the Trigeminal Ganglion and Corneal Nerve Terminals
Neuronal cell bodies in the trigeminal ganglion from Nav1.8-cre;ArchT/EGFP mice showed
extensive labeling with EGFP. Sections were immunostained for IB4 and CGRP to confirm the presence
of EGFP in small diameter primary afferent neurons. Indeed, most neurons were labeled with either IB4,
CGRP, or infrequently both IB4 and CGRP (Figure 1A&B) indicating overlap with non-peptidergic and
peptidergic nociceptor populations, respectively.
Previously, we have shown that Nav1.8-cre;tdTomato reporter mice demonstrated robust
labeling of corneal afferent nerve fibers in both the subbasal nerve plexus and free nerve endings
(Chapter 3) Whole corneas were examined to confirm successful expression of EGFP in Nav1.8cre;ArchT/EGFP mice in neurons innervating the cornea. Robust EGFP signal was found in both the free
nerve endings (Figure 1C) and subbasal nerves (Figure 1D).
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Figure 4.1.
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4.4.2. ArchT-activating Light Produces Real Time Place Preference Following Double LGE
To test for active learning, a single 50 min session was performed, consisting of five 10 min
periods: baseline, stimulation 1, post-stimulation 1, stimulation 2, and post-stimulation 2 (Figure 2A).
As illustrated in Figure 2A, the ArchT-activating LED was turned on in periods 2 and 4, but in the
alternate compartments. Over the 50-minute session, ArchT mice with sham surgery did not develop a
preference for the ArchT-activating LED paired compartment (Figure 2B). However, ArchT mice that
received LGE 2-weeks prior to testing developed a clear preference for the ArchT-activating light. A
gradual shift can be observed in time spent in the ArchT-activating LED chamber across the 10 min
period of light exposure, which is especially prominent during the second period of light exposure
(Figure 4B). Of note, animals consistently showed the greatest preference for the ArchT activating LED
paired chamber immediately after stimulation, during the first 2 min of the post-stimulation periods. No
preference for either zone was observed in LGE treated C57BL/6J mice (Figure 2B).
Analysis of the average time mice spent in the two chambers during the baseline period
indicated no inherent preference for either zone. Furthermore, all three treatment groups (ArchT-sham,
ArchT-LGE, and C57BL/6J-LGE) explored each chamber for similar amounts of time before exposure to
the lights (Figure 2C, p>0.05, 2-way ANOVA). A comparison between treatment groups of the total time
spent in the ArchT-activating chamber showed a significant effect of treatment and time (Figure 2D).
Post-hoc analysis indicated that ArchT mice with LGE spent more time in the ArchT-activating chamber
during the second stimulation period and after the second stimulation period when compared to both
the ArchT sham and C57BL/6J-LGE control groups.
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Figure 4.2

Figure 4.2. ArchT-activating Light Produces Real-time Place Preference in Tear Deficient Mice. A.
Illustration of the active learning paradigm showing the box and light setup for the 50 min session. The
compartments illuminated with the yellow and control lights were switched between stimulation I and
stimulation II. B. The percent time mice spent in each chamber during each of the five periods during the
session. ArchT mice tested after lacrimal gland excision (LGE) learned to spend more time in the ArchTactivating light chamber, especially evident during the latter part of the second stimulation period.
ArchT mice with sham surgery and C57BL/6J wild type mice with LGE did not develop this preference. C.
Mice spent similar amounts of time in each of the two zones during the baseline period (first 10 min of
the session). D. ArchT mice with LGE showed a robust preference for the chamber illuminated with
ArchT-activating light by the second period which remained even after the light was turned off (poststim II). The Y-axis is average time in seconds spent in the yellow paired chamber minus the time spent
in UV chamber. *, p < 0.05; **, p < 0.01; ***, p < 0.001. n = 10 (5m/5f).
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Table 4. Results from Two-way ANOVA Statistical Analysis.
Table 4.
Zone (zone 1/zone 2)

Surgery

Interaction

Figure
#

Measurement
(units)

dfn,
dfd

F

p

dfn,
dfd

F

p

dfn,
dfd

F

p

Figure
2C

Time (s)

1,
56

0.8592

<0.3579

2,
56

0.2002

<0.8192

2,
56

0.08595

<0.9178

Table 5. Figure 2 One-way ANOVA Statistical Analysis.
Table 5.
Figure
2D
2D
2D
2D

Time Period
Stimulation I
Post-stimulation I
Stimulation II
Post-stimulation II

(DFn, DFd)
(2, 28)
(2, 28)
(2, 28)
(2, 28)
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F
12.63
4.702
10.37
6.529

P
<0.0001
<0.0174
< 0.0004
< 0.0047

4.4.3. ArchT-activating Light Produces Conditioned Learning in Tear Deficient Mice
Conditioned learning was examined across four sessions run on consecutive days two weeks
after LGE (Figure 2A). On each day, animals were placed in a 3-chambered apparatus and activity
tracked across three 10-min testing periods. The initial 10 min determined the baseline values for
exploratory behavior in the three chambers. During the second 10 min period, two of the chambers
were illuminated with either an ArchT activating or control LED. This was followed by a final 10 min
period in which the LED light sources were turned off (Figure 2A). As with the active learning paradigm,
tracking of the mice showed a gradual increase in the percentage of time spent in the ArchT-activating
LED illuminated chamber across the 10 min stimulation period, with an even greater increase observed
on the fourth day of testing when compared to the first day (Figure 2B). Also similar to the active
learning results, the initial 2 min period post-LED stimulation showed the greatest preference for the
ArchT activating LED paired chamber (Figure 2B).
A comparison of the time spent in the ArchT-activating chamber during the initial 10 min period,
just prior to the light exposure, indicated a shift across the four sessions with animals spending
significantly more time in the ArchT-activating chamber during sessions 3 and 4 (Fig 2C, 1-way ANOVA).
Likewise, a similar trend was found during the stimulation period, with an increase first developing on
the second session (1-way ANOVA). The most robust effect was observed during the final period of the
session after the stimulation. At this time, a preference for the ArchT-activating chamber developed on
the first day (1-way ANOVA). A comparison of the three time periods on each training day illustrates the
learning that occurred across the four days (Figure 2D). The first and second days of training
demonstrated differences in time the mice spent in the ArchT-activating chamber between the prestimulation and post-stimulation periods. By the third day, however, this difference was no longer
present as the mice were already spending more time in the ArchT-activating chamber even before the
light was turned on (Figure 2D).
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Figure 4.3.

Figure 4.3. ArchT-activating Light Produces Conditioned Learning in Tear Deficient Mice. A. The 4-day
conditioning paradigm illustrating each 30 min session. B. The average time ArchT mice with LGE spent
in ArchT-activating light and control chambers during the first and fourth sessions. At the start of the
fourth session, mice spent more time in the chamber where light stimulation was given on the previous
day. C. A comparison of the pre-stimulation period, stimulation period, and post-stimulation period
across the 4-day experiment. By the third day, mice spent more time in the ArchT-activating light paired
compartment. D. Across the 4-day experimental paradigm, mice developed a preference for the ArchTactivating light-paired chamber even during the pre- and post-stimulation periods, when the light was
not on. *, p < 0.05; **, p < 0.01; ***, p < 0.001. n = 10 (5m/5f).
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Table 6. Figure 3 One-way ANOVA Statistical Analysis
Figure
3C
3C
3C
3D
3D
3D
3D

Time Period
Pre-stimulation
Stimulation
Stimulation II
Day 1
Day 2
Day 3
Day 4

F (DFn, DFd)
(3, 27)
(4, 36)
(4, 36)
(2, 21)
(2, 21)
(2, 21)
(2, 21)

F
3.789
3.855
6.615
5.387
11.08
2.117
1.394

P
<0.0217
<0.0104
<0.0004
<0.0308
<0.0009
<0.1454
<0.2701

4.4.4. Corneal Application of QX-314 + Lidocaine Prevents Conditioned Learning in Tear Deficient
ArchT mice
If inhibition of corneal nociceptors by ArchT activating light is required for conditioned learning,
then inhibition of nociceptors by corneal application of a topical anesthetic should prevent ArchTmediated conditioned learning. Previous studies have determined that the reduction in palpebral
opening produced by LGE could be reversed by corneal application of several different anesthetics.
However, the anesthetic effect was relatively short lasting, wearing off in <25 min (Chapter 3). In the
present study, the long lasting anesthetic QX-314 + lidocaine was used to provide anesthesia for the
duration of each 30 min session.
To determine the duration of action of QX-314 plus lidocaine, palpebral opening in tear deficient
mice was measured for 90 min after corneal application of QX-314 + lidocaine, QX-314 alone, or
lidocaine. When applied separately, QX-314 and lidocaine had no effect on palpebral opening across the
90-minute observation period (Figure 3B). The co-application of QX-314 and lidocaine, however,
increased palpebral opening compared to baseline values through 60 min (Figure 3B). By contrast,
ArchT-activating light produced only a nominal yet significant increase in palpebral opening (Figure 3A).
QX-314 + lidocaine was applied to the cornea 3 min prior to the start of each conditioning
session. Following QX-314 + lidocaine pretreatment, the time spent in the ArchT-activating chambers
remained constant over the four sessions, indicating that the QX-314 + lidocaine pretreatment

83

completely prevented conditioned learning (Figure 3C, D). Looking at the raw time in seconds for each
day, QX-314 + lidocaine successfully abolished the conditioned learning (Figure 3E). Raw time in seconds
minus the baseline is shown across the 4-day experiment but grouped by day.
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Figure 4.4.
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Table 7. Unpaired Student’s T Test and One-way ANOVA Statistical Analysis
Unpaired Student’s T Test
Figure 4A

Palpebral Opening

Unpaired Student’s T Test

p<0.0050

One-way ANOVA
Statistical Analysis
Figure
4B – QX-314 +
lidocaine
4B – QX-314 Only
4B – Lidocaine Only
4C – Day 1
4C – Day 2
4C – Day 3
4C – Day 4
4D – Pre-stim
4D – Stimulation
4D – Post-stim

Units
Palpebral Opening

F (DFn, DFd)
(7, 7)

F
24.34

P
<0.0001

Palpebral Opening
Palpebral Opening
Time (s)
Time (s)
Time (s)
Time (s)
Time (s)
Time (s)
Time (s)

(7, 5)
(7, 10)
(2, 4)
(2, 4)
(2, 4)
(2, 4)
(3, 4)
(4, 4)
(4, 4)

0.2398
1.199
0.2765
0.2849
0.01537
0.8690
0.2972
0.2419
0.2296

<0.8108
<0.3268
<0.7522
<0.6263
<0.9848
<0.4548
<0.8268
<0.9104
<0.9177

4.5. Discussion
In the present study, excision of the extraorbital and intraorbital lacrimal glands was used to
create persistent aqueous tear deficiency in male and female Nav1.8-cre;ArchT/EGFP transgenic mice.
Using ArchT activating light, a robust conditioned learning was achieved across four days, in which tear
deficient mice learned to prefer the light paired chamber by the end of the second day, as well as a realtime conditioned place preference with learning occurring during a single session. Control groups,
including C57/B6 LGE animals and ArchT sham animals, did not demonstrate a learned preference.
Furthermore, application of a topical anesthetic to the cornea prevented conditioned learning,
suggesting that ongoing corneal nociceptive activity was necessary for light-induced preference to
occur.
The cornea is the mostly densely innervated tissue in mammals consisting of C- and A-delta
fibers (70% vs 30%, in mouse) which respond to chemical, thermal, mechanical, and environmental
stimuli (Belmonte et al., 2004). The voltage-gated sodium channel Nav1.8 has been reported to be
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preferentially expressed in small-diameter unmyelinated sensory afferents in the dorsal root ganglion
(DRG), with >90% of IB4-binding neurons (nonpeptidergic C-nociceptors) and CGRP-positive neurons
(peptidergic C-nociceptors) showing tdTomato fluorescent protein in the Nav1.8-cre reporter mouse
(Shields et al., 2012). Of note, a significant portion of A-beta and A-delta DRG neurons (38%) also were
positive for Nav1.8-cre. Characterization of trigeminal ganglion neurons in the Nav1.8-cre;ArchT/EGFP
mouse showed robust labeling of cell bodies co-localized with IB4 and CGRP. Consistent with
previous results using the Nav1.8-cre;tdTomato reporter mouse, corneal subbasal nerves and free
nerve endings were robustly labeled with EGFP. Localizing EGFP in the nerve terminals indicates the
presence of ArchT since ArchT/EGFP is a fusion protein. In this way, ArchT in the corneal nerve terminals
would have had ample exposure to ArchT activating light when the chamber was illuminated.
Previous studies have used optogenetics to selectively activate subpopulations of primary
afferent fibers to produce nociceptor-evoked responses and conditioned place aversion (Daou
et al., 2013; DeBerry et al., 2018; Draxler et al., 2014). Light stimulation of the hindpaw in mice
expressing channel rhodopsin (ChR2) in Nav1.8 neurons elicited paw withdrawal, licking, jumping, and
vocalizations. In addition, a conditioned place aversion was produced using pulsed light through a glass
floor. These responses could all be mitigated by treatment with morphine (Daou et al., 2013).
Other studies have utilized archearodhopsin-3 (Arch3) to inhibit subpopulations of primary
afferent neurons (Cowie et al., 2018; Daou et al., 2013). Inhibition of Nav1.8 expressing primary afferent
neurons reduced mechanical hypersensitivity in inflammatory and neuropathic pain models but had only
minimal effects on sensitivity to heat (Daou et al., 2013). Using CGRP alpha-cre mice to target CGRP
expressing primary afferent neurons, heat withdrawal latencies increased whereas cold latencies
decreased with light-induced inhibition. Similar to the Nav1.8-cre;Arch3 mice, mechanical
hypersensitivity following inflammation and nerve injury were reversed by light in CGRPalpha-cre;Arch3
mice.
In addition to examining nociceptive reflexes, Cowie et al (Cowie et al., 2018) used light
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stimulation to produce a conditioned place preference in mice following spinal nerve ligation. Similar to
the present study, an active learning, real time preference paradigm was used, with a single 30 min
session consisting of six 5-min periods alternating between periods of light off and light on. Significant
preference was observed by the third and final 5-min light on period. While place preference developed
during the second light period in our study, the longer periods of light exposure (10 min vs 5 min) likely
account for this difference.
The expression of ArchT in Trpv1-cre mice using a viral approach was used to explore the
contribution of parabrachial nucleus projecting trigeminal ganglion neurons to nociceptive responses
(Rodriguez et al., 2017). The trigeminal ganglion appears to be unique in that, unlike the dorsal root
ganglion, a subpopulation of neurons projects directly to the parabrachial nucleus. Using a fiberoptic
probe targeted to the parabrachial nucleus, photic stimulation was used to inhibit ArchT expressing
nerve terminals. ArchT activating light reduced capsaicin-induced facial allodynia and produced a realtime conditioned place preference. Furthermore, optogenetic activation of the monosynaptic
craniofacial-to-parabrachial nucleus projection induced avoidance behaviors. The importance of this
circuit in corneal pain is unknown but could potentially be tested using the Nav1.8-cre;ArchT mice.
A multi-day conditioned learning paradigm was developed in order to allow for a complete local
anesthetic block for the duration of the session. Various topical anesthetics have been utilized to rescue
palpebral opening, yet all had a relatively short duration of action. In order to increase the duration of
anesthesia, we applied QX-314 with lidocaine. QX-314, a charged voltage gated sodium-channel
blocker, can be used to target nociceptors when applied with a TRPV1 channel agonist, thereby allowing
for entry of QX-314 into the axon terminal (Binshtok et al., 2007). Lidocaine, which in addition to
blocking voltage gated sodium channels can activate TRPV1 (Leffler et al., 2008), can be paired with QX314 to allow for selective entry of QX-314 into nociceptors, providing long-lasting anesthesia (Binshtok
et al., 2009). Co-application of QX-314 + lidocaine to the cornea provided fast and long-lasting effects
on palpebral opening for up to 60 minutes post-application. Application of QX-314 + lidocaine also

88

prevented conditioned learning, suggesting that ongoing corneal nociceptive activity is necessary for
light-induced preference to occur.
Compared to QX-314 + lidocaine, ArchT-activating light produced only minimal effects on
palpebral opening. It is possible that the ArchT-activating light did not sufficiently suppress neuronal
activity to fully rescue palpebral opening. Alternatively, palpebral opening might be driven by corneal
afferents that do not express Nav1.8. Overall, these results demonstrate that LGE produces persistent,
ongoing pain driven by Nav1.8 expressing corneal afferents. In addition, the aversive quality of ocular
pain was more sensitive to ArchT activating light than the motor reflex behaviors (i.e., reduction in
palpebral opening), indicating the importance of Nav1.8 expressing corneal afferents in pain affect.
Selective inhibition of Nav1.8 expressing neurons is a potential strategy for treating the ongoing
irritation and pain associated with chronic dry eye.
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CHAPTER 5
FINAL CONCLUSION
In conclusion, a mouse model of DED has been characterized that is consistent with the
epidemiological and clinical symptomology of dry eye in humans. It has been shown that female mice
are more susceptible to the pathology of moderate DED and express signs of irritation, discomfort, and
pain leading to alterations in behavior. Inhibition of the corneal afferent nerves causes relief of
persistent, ongoing pain which is a potential strategy for treating these symptoms associated with
chronic dry eye. Using this model and the measurements of corneal pain that have been characterized,
novel treatments for reducing dry eye-induced pain can be tested before moving forward with clinical
trials.
Animal models of DED, specifically ADDE, all have different advantages and disadvantages that
should be considered. The NOD mouse model which develops spontaneously has been shown to result
in inflammatory lesions leading to a reduction in tear secretion. This model is more commonly used as a
human Type 1 Diabetes model and DED manifestations and symptoms are not the primary disease state.
The model also has the disadvantage of males having a greater severity of signs and symptoms
compared to females which is not indicative of DED. Sjögren’s syndrome is another promising model of
ADDE which mimics the immune cell progression and infiltration common in DED but has other
symptomologies such as dry mouth that can confound the disease or behavioral state. Using
pharmacologic inhibition paired with desiccating environmental stress has been shown to be an
effective model of DED showing inhibition of tear production and causing ocular epithelial changes. The
pairing of the systemic parasympathetic drug inhibition could lead to confounding factors in disease
progress. LGE also has drawbacks as an animal model because the moderate and severe DED is on the
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more extreme or late stages of the disease. Early course of DED may not present or progress as harshly
or quickly as this model does.
LGE has some strong advantages as an animal model of DED as well. The mice show the sex
presentation that is seen epidemiologically and this occurs in multiple strains of mice. The surgery,
single LGE versus double LGE, has advantages in that you can create a graded effect by utilizing a
moderate or severe DED based on surgery type. We have not been able to find any negative effects due
to sham surgery in endpoints that we have tested, but it is possible they exist. Immune cell infiltration
that is common for all DED models has been shown and with a sex-specificity. We showed that mice
receiving this surgery experience irritation, discomfort, and pain – the most common clinical symptoms
of DED. For moderate DED, we show that female mice are more susceptible to these symptoms whereas
severe DED shows symptoms in both sexes which lead to behavioral changes in anxiety- and pain-like
behavior. Despite the harsher nature of the DED symptomology, this can be an effective way to study
later stages or harsher disease states quickly.
Through this work, we have also shown that Nav1.8-cre is a great tool to study alterations of
nerve morphology in DED as genetic labeling of corneal nerves proves to be extensive. Trigeminal
corneal cell bodies were also readily visible to study changes in molecular signaling following excision.
The characterization of the anxiety- and pain-like state of the mouse could also be utilized to test the
efficacy of new drugs for treatment. Overall, LGE-induced DED is arguably the best model of DED based
on the characterization of the mouse with a focus on sex specificity that shows the epidemiological
characteristics and the clinical presentation of the most common symptoms of dry eye including
irritation, discomfort, and pain.
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CHAPTER 6
FUTURE DIRECTIONS
We have successfully characterized an aqueous deficient mouse model of DED with the hope
that this model continues to be utilized in research related to dry eye-induced pain. By using single LGE,
a moderate dry eye state is created that encapsulates the sexual dimorphic behavior seen in the clinical
population with consistent symptomology of discomfort, irritation, and pain. Double LGE allows for the
study of severe dry eye states within a relatively short time period. We have also successfully shown
that Nav1.8-cre;tdTomato mice robustly labels corneal afferent nerves. These animals can be further
utilized for other avenues of research to avoid the problematic and inconsistent IHC process for corneal
neuronal staining. By using ArchT/Nav1.8-cre we have shown a strong affective component to the
ongoing, persistent pain that is being engendered by severe dry eye which could be further used for
testing potential analgesic compounds. Lastly, we shown a strong sexually dimorphic response in this
mouse model, the mechanisms of which still need to be elucidated. 12
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